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ABSTRACT
A d r i f t  tube-mass spectrometer and the Bradbury-Niel sen method 
have been used to obtain m o b i l i t y  data f o r  the ion-gas combinations 
L i+-He, K+-He, L i+-Ar and K+-Ar a t  room temperature, and a t  80 K fo r  
Li -He and K -He. The behaviour o f  the e le c t r i c a l  shutters  which has 
prev ious ly  been a source o f  e r ro r  in th is  technique was studied in  
de ta i l  and an explanat ion proposed fo r  the f a i l u r e  o f  the shutters  a t  
low pressures. The m o b i l i t y  values are considered to be in e r ro r  by 
less than ±0.6% a t  294 K and ±1.5% a t  80 K. The accuracy o f  the 
data has enabled a prev ious ly  unobserved small maximum to be detected 
in the K+-He m o b i l i t y  data a t  294 K. In the present measurements 
p a r t i c u la r  emphasis was placed on obta in ing accurate data a t  low mean 
centre o f  mass energies f o r  use in  the determination o f  the long-range 
par t  o f  the in te ra c t io n  p o te n t ia l .
The three-temperature theory o f  L in ,  Viehland and Mason was 
used to ca lcu la te  ion m o b i l i t ie s  from in te ra c t io n  po ten t ia ls  e i t h e r  
derived th e o r e t i c a l l y  or  obtained by f i t t i n g  to previous m o b i l i t y  
data. These po ten t ia ls  were checked by comparing the predicted 
m o b i l i t ie s  w ith  the present experimental values. In te ra c t io n  p o ten t ia ls  
were also obtained f o r  the systems L i+-He, K+-He and K+-Ar by f i t t i n g  
to the present m o b i l i t y  data thus prov id ing information on the long- 
range p o la r iza t io n  fo rces.
The equ i l ib r ium  constant f o r  the formation and d isso c ia t ion  of 
Li .Ar c lu s te r  ions was derived from room temperature data using the 
technique described by E l fo rd  and M i l lo y .  Because o f  the low binding 
energy o f  the Li .He ions, these c lus te rs  were not observed a t  room 
temperature and the study o f  the c lu s te r in g  o f  He to L i+ had to be 
car r ied  out a t  80 K. The technique o f  Takebe e t  a l .  was used to 
determine the react ion ra te  c o e f f i c i e n t  f o r  th is  c lus te r in g  reac t ion  
over the mean centre o f  mass energy range 10 to 15 meV.
Mass d isc r im ina t ion  e f fec ts  such as the p re fe ren t ia l  t ransmission 
o f  ce r ta in  ion species and the presence o f  react ions in  the sampling 
region, were demonstrated in  th is  work.
The second part of this thesis is a theoretical study of the 
effect of diffusion on measurements of electron drift  velocities 
using pulsed radiolysis. Electron d r if t  velocities have previously 
been calculated from the transient waveforms recorded with a pulsed 
radiolysis dr if t  tube using a f i r s t  order theory in which i t  is assumed 
that diffusion during the dr if t  of the electrons to the anode effectively 
increases the dr if t  distance. The modifications to the transient 
waveforms caused by diffusion have been analysed more accurately 
and i t  is shown that, when account is taken of the loss of electrons 
to the electrodes by diffusion, the correction factor differs in both 
magnitude and sign from that assumed in the f i r s t  order theory.
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GENERÄL INTRODUCTION
The study o f  the behaviour o f  ions and e lec t rons  in  gases under 
the in f lu e n c e  o f  a s t a t i c ,  un i fo rm  e l e c t r i c  f i e l d  can prov ide 
in fo rm a t ion  on the fo rces  between the charged p a r t i c l e s  and n e u t ra l s .
No d i r e c t  way o f  measuring these fo rces  i s  known and t h e i r  ab i n i t i o  
c a l c u la t i o n  i s  o f te n  d i f f i c u l t .  As a r e s u l t ,  the accurate measurement 
o f  such macroscopic p rop e r t ie s  is  impor tan t  in  the i n v e s t i g a t i o n  o f  
such fo rces .
The p a r t i c u l a r  t o p ic s  considered in  t h i s  study are the t r a n s p o r t  
p rope r t ies  o f  ions and e lec t rons  in  gases, the de te rm ina t ion  o f  the 
magnitude o f  the fo rces  between a l k a l i  ions and i n e r t  gases as a 
fu n c t io n  o f  in te r n u c le a r  separa t ion and a study o f  the c lu s te r i n g  o f  
i n e r t  gas atoms to a l k a l i  ions .
In the absence o f  an e l e c t r i c  f i e l d ,  charged p a r t i c l e s  in  a 
gas move randomly w i th  no net displacement and w i th  a mean energy 
equal to t h a t  o f  the gas p a r t i c l e s .  I f  a s t a t i c  and uni fo rm e l e c t r i c  
f i e l d  i s  app l ied  an e q u i l i b r i u m  i s  es tab l ished  between the energy the 
charged p a r t i c l e s  gain f rom the f i e l d  and the energy they lose to the 
neu tra l  p a r t i c l e s  by c o l l i s i o n s .  The average charged p a r t i c l e  energy 
i s  increased and a net v e l o c i t y  in  the f i e l d  d i r e c t i o n  i s  superimposed 
on the random motion.
The macroscopic behaviour o f  the charged p a r t i c l e s  in  the 
presence o f  an e l e c t r i c  f i e l d  i s  u sua l l y  descr ibed in  terms o f  the 
d r i f t  v e l o c i t y  v^ , the d i f f u s i o n  tensor  Q and the nature o f  any 
reac t ions .
The d r i f t  v e l o c i t y  i s  de f ined to be the average v e l o c i t y  o f  
the charged p a r t i c l e s  in  the f i e l d .  I f  the f i e l d  energy o f  charged 
p a r t i c l e s  is  small compared w i th  the thermal energy,  the d r i f t  
v e l o c i t y  in  the f i e l d  d i r e c t i o n  is  p ropo r t ion a l  to the e l e c t r i c  f i e l d  
and may be given by
= K E where K is  a cons tant .
At h igher  f i e l d  energ ies K i s  not  a cons tant  but a f u n c t io n  o f  E/N.
2The parameter K is called the m o b ility  
of the charged particles. To allow for the comparison of data at 
different pressures and temperatures a quantity called the reduced  
m o b i l i ty , k , has been defined to be the mobility under standard 
conditions and is given by
KN v , 1_ _ dr __
N$ (E/N) N$
where N is the gas number density and N^ is the gas number density 
under standard conditions of pressure and temperature defined to 
be 273.16 K and 760 Torr and has the value 2.6868 xlO19 cm3. The 
ratio E/N is generally expressed in "townsends", where 1 townsend 
(Td) = 10-17 V cm2. Together with the gas temperature, T, and the 
nature of any reactions, the parameter E/N determines the mean charged 
particle energy for a given charged particle-neutral gas combination.
The mobility as E/N^O is known as the zero field mobility K0 
while the reduced zero field mobility k0 is defined as the zero field 
mobility under standard conditions.
Diffusion is the net spatial transport of the charged particles 
due to a gradient in the concentration of the charges. Diffusion occurs 
in the direction opposite to this gradient and the flow rate is 
proportional to the magnitude of the gradient. In the case discussed 
here, the components of the diffusion tensor Q in the directions 
parallel and perpendicular to the electric field are known as the 
longitudinal and lateral diffusion coefficients Dy and D^ respectively.
This thesis is in two parts. PART A describes the transport 
behaviour of ions in gases and the determination of the ion-neutral 
interaction potential. The d r if t  velocities determined experimentally 
have been used to determine the interaction potential between the ion 
and neutral. The presence of reactions in the transport behaviour 
of alkali ions in inert gases has also been considered.
In PART B the effect of diffusion on the analysis of data has 
been considered for a particular class of e le c tro n  drif t  velocity 
experiment. Some of the theoretical development discussed in PART B 
is used in PART A of this thesis.
3P A R T  A
CHAPTER 1: INTRODUCTION
1.1 Background to P resen t  Work
One of the  aims of low energy ion swarm research  i s  to obta in  
accura te  q u a n t i t a t i v e  information about the nature  of ion-atom 
forces  by comparing the  t r a n s p o r t  c o e f f i c i e n t s  measured as a func t ion  
of gas temperature  and E/N with those p red ic ted  t h e o r e t i c a l l y  from an 
assumed i n t e r a c t i o n  p o t e n t i a l .  P o te n t i a l s  c a lcu la ted  ab i n i t i o  can 
th e re fo re  be t e s t e d  by comparison of the p red ic ted  t r a n s p o r t  
c o e f f i c i e n t s  with experimental ion t r a n s p o r t  da ta .  Such data may 
a lso  be inve r ted  to d i r e c t l y  der ive  i n t e r a c t i o n  p o t e n t i a l s  d i r e c t l y .
To in v e s t ig a t e  the  long range p a r t  of the p o te n t i a l  i t  i s  necessary  
to have m obi l i ty  data a t  ion energ ies  which are  s u f f i c i e n t l y  low t h a t  
the  m obi l i ty  is  determined predominantly by the d ipole  p o l a r i z a t i o n  
fo rce .  Such energ ies  can be achieved a t  room temperature  a t  low E/N 
values in the  case of h ighly  p o la r i z a b l e  gases but low temperature  
m ob i l i ty  data  are  requ ired  to study the  long range p o la r i z a t i o n  
fo rce  fo r  ions in gases of low p o l a r i z a b i l i t y  such as helium.
The success of p re d ic t io n s  of t r a n s p o r t  data  from a chosen 
i n t e r a c t i o n  p o te n t i a l  or the d i r e c t  de termina t ion  of a p o te n t ia l  
from given t r a n s p o r t  c o e f f i c i e n t  data depends on the accuracy of 
the  chosen t r a n s p o r t  theory .  Until the recen t  development of the 
" th ree- tem pera tu re"  theory  of ion t r a n s p o r t  by Lin, Viehland and 
Mason (1979) th e re  was no theory  a v a i l a b l e  which was adequate to 
accu ra te ly  p re d i c t  t r a n s p o r t  c o e f f i c i e n t s  over a wide range of ion- 
gas combinations and E/N va lues .  The a v a i l a b i l i t y  of both t h i s  theory  
and very accura te  low energy m obi l i ty  data now enables the long range 
t a i l  of the i n t e r a c t i o n  p o te n t i a l  to be in v e s t ig a te d  fo r  ions in 
helium.
The study of t r a n s p o r t  behaviour involves  not only d r i f t  and 
d i f f u s io n  but a l so  ion-atom r e a c t io n s  such as the  formation of
temporary and permanent clusters. These reactions result in the 
measured mobility values becoming explicit functions of gas pressure.
The pressure dependence of the reduced mobility of certain 
ions in gases was discussed by Elford and Milloy (1974) who suggested 
that the pressure dependence they observed was caused by the formation 
of temporary ion-atom complexes in orbiting resonant states and 
proposed a method of analysis which enables the parent ion mobility 
to be determined.
The formation of stable clusters in the dr if t  tube can also 
give rise to a pressure dependence in the mobility data. The very 
accurate mobility data presented in this thesis enable the reduced 
mobility Li+ in Ar to be determined from data showing such a pressure 
dependence.
When a reaction has not reached equilibrium in the d r i f t  tube, 
the determination of reaction rates becomes more difficult  and 
additional information is required. Colonna-Romano and Keller (1976) 
have reported an equilibrium constant for the clustering of He to Li+ 
determined from the ratio of the counting rates for the cluster ion 
and the parent ion. The problems of mass discrimination in the ion 
sampling make this method unreliable. The development of an 
alternative method for determining reaction rate coefficients for 
reactions that have not reached equilibrium in the d r if t  tube 
(Takebe e t  al. , 1979) enables the severe problem of mass discrimination 
in ion sampling to be avoided. This method relies on a detailed 
analysis of time of flight spectra for the mixed ion species.
1.2 Aims of Present Work
The aims of the present work can be summarized as:
(a) to obtain data of high accuracy for the mobility of the 
alkali ions Li+ and K+ in the inert gases He and Ar over 
a wide range of E/N at room temperature and at 80 K in 
the case of He;
(b) to use these data to determine the interaction 
potentials of Li+-He, Li+-Ar, K+-He and K+-Ar using 
the ion transport theory of Lin, Viehland and Mason 
with particular emphasis on the case of Li+-He at 
large internuclear separations;
(c) to determine the reaction rate coefficient for Li+ 
clustering with helium using the method of Takebe
et al. ;
(d) to investigate the mass discrimination problems of ion 
sampling methods for studying non-equilibrium clustering 
reactions;
and
(e) to study the implications of the presence of an 
equilibrium clustering reaction on the analysis of 
ion mobi1ity data.
The investigations and results of this work are described in 
Chapters 5 to 8 of PART A. Chapters 2 to 4 review ion transport 
theory, alkali ion-inert gas mobility experiments and clustering 
studies.
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CHAPTER 2: A THEORETICAL REVIEW OF THE MOTI ON OF IONS IN GASES
The starting point for a theoretical description of the macroscopic 
properties of the ion swarm is the assumption of an interaction potential. 
This potential may have been obtained by an ab in i t i o  calculation or 
derived from experimental evidence (e.g. swarm experiments or "single 
collis ion" experiments). A transport theory provides the link  between 
the microscopic behaviour of the ions ( i.e . the scattering in individual 
collis ions) and the measurable transport properties of the whole ion 
swarm.
This chapter w i l l  give a b r ie f description of the ion-atom 
interaction forces and an indication of the expected form of the 
interaction potential. The manner in which the classical and quantum 
mechanical cross sections are related to the potential is  then considered. 
Finally the major developments in ion transport theory w il l  be discussed 
in some detai1.
2.1 Ion-Atom Forces
The qualitative form of the interaction potential is well known 
and is shown schematically in Figure 2.1.
At small separations, the electron distributions of the ion and 
neutral overlap, resulting in a repulsive potential which cannot be 
represented accurately by a simple function of the particle separation. 
Both the direct Coulomb interaction and the Exchange interaction (a 
consequence of the Pauli Exclusion Principle) contribute to this repulsive 
interaction. The Coulombic term is a f i r s t  order term while the la t te r  is 
a second order perturbation energy.
At large separations, there is an attractive contribution to 
the potential due to polarization. The ion induces a dipole moment 
in the gas atom, giving rise to a potential term which is inversely 
proportional to r 4. There are also higher order attractive forces 
arising from the quadrupole, octupole and higher interactions. The 
interaction energy due to polarization effects is often represented 
by
7Fig' 2,1: The qual i ta t ive  form of the interact ion potential  V(r).
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—  [l + 1.59 
2 r4 r 2
+ ( 2 . 1 . 1)
where the second term, proport ional to r ' 6, is the contr ibution of  the 
quadrupole in te ract ion .  Higher order terms are usual ly neglected. A 
fu r the r  contr ibution to the r -6 in te ract ion  arises because the ion i t s e l f  
is capable o f  an instantaneous po larizat ion which is approximately in 
phase wi th the ro ta t ing dipoles o f  the atoms. This is the London 
dispersion (or van der Waal) force and is the dominant force between 
two atoms at large separations.
A number of  algebraic forms have been used to represent the 
in te ract ion potential  in studies o f  the transport properties of ions 
in gases. The most common o f  these have been algebraic sums o f  the 
above terms and have taken the forms
The coef f ic ients  A, B and £ are f i t t i n g  parameters and C is determined 
by the p o la r i z a b i l i t y  o f  the atom.
The f i r s t  o f  these (2.1.2) is general ly referred to as an (N,6,4) 
potential  and has often been used with N =12 fo r  the study of  a lka l i  ions 
in gases. Mason and Schamp (1958) proposed the fol lowing form of  (N,6,4) 
potential
( 2 . 1 . 2)
and
V(r) = A e x p ( - ^ r )  — — - —
vv 6 „ 4
(2.1.3)
V(r) ’  e An U
6
(2.1.4)
where
An = 2 ( y + 1 )/N - 2
and CN = [N - 2y(N-3)/ (N-2)] .
McDaniel and Mason (1973)
9The parameter y determines the relative strengths of the attractive 
terms. Since the r -4 term is due to dipole polarization, i ts  coefficient 
is known and is given by
2 e r m4 CN = e'  “ '
When N = 12 is used in equation (2.1.4) the potential has the form of 
a Lennard-Jones potential with an r-4 term added to account for the 
interaction potential energy due to the charge on the ion. Mason and 
Schamp used this form in a determination of the potential of Li+ 
scattering off He.
Algebraic potentials of the form given in equation (2.1.2) were 
used by Creaser (1969) to obtain potentials for K+ in He,Ar and Ne by 
f i t t ing to transport properties. Robson and Kumar (1973) used a 
potential of the form proposed by Mason and Schamp (but did not fix 
N = 1 2) and demonstrated how the parameters of the potential can be 
determined by f it t ing to ion mobility data for the cases K+ in He and 
Ne. Milloy e t  a l .  (1974) used an (N,6,4) potential with N =16, 12 and 
8 and the cases of Cs+ in Ne and K+ in He to demonstrate the problems 
of determining a unique potential.
Dalgarno e t  a l .  (1958) f it ted a potential of the form given in 
equation (2.1.3) with B=0 to the variation of the reduced zero field 
mobility with temperature for Li+ in He. Creaser (1969) used the same 
method and potential form for K+ in He.
Ion-atom beam studies have also been used in the determination 
of alkali ion-inert gas interaction potentials. Studies which only 
probed the repulsive wall of the potential have usually fit ted the 
results to an inverse power (A/r^) or repulsive exponential (Aexp( - £r)) 
potential while those which probed the region of the potential well have 
often used the (N,6,4) form (see Cross, 1975; Polak-Dingels e t  a l .  , 
1982). Although such simple algebraic forms can be used to describe 
adequately the potential over small ranges of internuclear separation r, 
they fail over large ranges of r (Polak-Dingels e t  a l .  , 1982; Amdur e t  
a l .  , 1969) and have rarely been used in recent work. Modern theories 
and the use of large computers have enabled analytic representations 
of V(r ) to be dispensed with and potentials to be derived point by point.
2.2 Collision Cross Sections
The f i r s t  step in calculating transport coefficients using an 
assumed potential is to obtain the differential scattering cross section 
I(g,6) which is defined as the area presented by each target particle to 
an incoming particle of velocity g for scattering into the element of 
solid angle d  ^ about an angle 0 in the centre of mass system. I t  is 
assumed here that the forces are central and that the scattering is 
independent of azimuthal angle.
In a classical treatment l(g,0) is given by
I(g>9)
b db 
sin0 d0 ( 2 . 2 . 1 )
where b is the impact parameter. The scattering angle 0 is related to 
V(r) by the relation
6(b,g) = b2 V(r) 1 ”2 dr 
r 2 0.5yg2J r 2
( 2 . 2 . 2 )
where r , the distance of closest approach, is given by the f i r s t  real 
root of
V (r ) b2
1 - ----- —  - — = 0 . (2.2.3)
0.5yg2 rc2
A number of other cross sections, known as the integral cross 
sections Q^(g), are required in calculations of the transport coefficients 
and are defined in terms of the differential scattering cross section by
<f(g) = 2n i - n T l 
2(1+«.) 1
rlT 
J0
(1 - cos^0) I(g,0)sin0d0 .
£ = 1 , 2 , 3 , . . .
(2.2.4)
The total elastic scattering cross section, Q (g), is given by Q°(g) 
while the cross section Q'(g) is known as the momentum transfer cross 
section, Q^ , or the diffusion cross section, Physically, can
be regarded as a measure of the average forward momentum lost by ions
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in co l l is ions  with molecules. The cross section Q2(g) is known as the 
viscosi ty  cross section.
I f  a f u l l  quantum mechanical treatment of the problem is  necessary 
Schroedinger's equation is solved by the method of part ia l  waves, giv ing 
the d i f fe re n t ia l  scatter ing cross section in terms o f  the phase sh i f ts  
of  the par t ia l  waves. The d i f fe re n t ia l  cross section is given by
Kg.e) 14k2 2 ( 2&+1) exp ( in  )sin np Pa(cos6)_X/ X/ X» (2.2.5)
where k is the wave number and n^ the phase s h i f t .  In tegrat ion over the 
complete so l id  angle gives the to ta l  e la s t ic  scat tering cross section
Qs(k2) 4 ttk2 2 ( 2&+1) s in 2 n £=0
( 2 . 2 . 6 )
and the d i f fus ion cross section
QD(k2) = £ r  i  («.+1) s in 2 (n£ - n Ä+1] . (2.2.7)
The number o f  phase sh i f ts  contr ibuting s ig n i f ic a n t ly  to these sums is  
determined by the range of  the in te ract ion  and the re la t ive  moments of  
the par t ic les .  There may be less than 100 phase sh i f ts  at  the low 
energies o f  in te res t  in mobi l i ty  experiments. At some energies a very 
few phase sh i f ts  give a large contr ibution to the to ta l  cross section 
and resonance effects such as glory and rainbow scat tering may appear.
A classical treatment fo r  the determination of  the c o l l i s io n  
cross sections from the in teract ion potential  is  adequate when the 
uncertainty in the momentum is  small with respect to the to ta l  momentum 
(a condition which is  usual ly met in heavy pa r t ic le  scattering at  
reasonably large energies) or  when the uncertainty in momentum is small 
compared with the change in momentum. Thus fo r  high energy co l l i s ion s  
o f  heavy part ic les  i t  is only at small angles that classical theory 
f a i l s  and, as the ( l-cos0) term in the cross section discriminates 
against small angle scatter ing, th is  fa i lu re  does not have a large 
e f fec t  on transport propert ies. In general, a f u l l y  classical treatment
12
is suitable fo r  heavy pa r t ic le  scat tering or high temperatures and 
quantum mechanical calculat ions are only necessary fo r  very low ion 
energies or very l i g h t  ion-atom combinations.
Gatland et aj_. (1977) have shown that the quantal resul ts 
agree well with the classical results fo r  L i^ -H e  at temperatures down 
to thermal energies of  5K. The next step in the theoretical development 
is to re la te  the cross sections to the transport coe f f ic ien ts .  This is 
done via a solut ion o f  the Boltzmann transport equation which is now 
discussed.
2,3 The Boltzmann Equation
An ion swarm is an ensemble o f  charged par t ic les  moving through 
a neutral gas. The motion o f  these charged part ic les  is determined by 
the forces exerted by the e le c t r i c  f i e l d  and by co l l is ions  with the gas 
atoms or molecules, the angular scattering in such co l l is ions  being 
determined by the cross sections defined in section 2.2.
The ion swarm can be described by a 6-dimensional phase space 
d is t r ib u t io n  funct ion, f ( r , v , t ) ,  which is the number o f  ions per un i t  
volume o f  phase space which are located in a small volume element dr 
at r  in posi t ion space and which have th e i r  ve loc ity  vector in the range 
dv about v in ve loc ity  space. The ion number density, or d is t r ib u t io n  
function in configurat ion space, is given by
n ( r , t ) f ( r , v , t ) d v  . (2.3.1)
The ions and atoms have a d is t r ib u t io n  of  energies which d i f f e r  except 
fo r  the case of  zero e le c t r i c  f i e l d .  We w i l l  use F to denote the 
d is t r ib u t io n  function fo r  the gas.
The d is t r ib u t io n  function f ( r , v , t )  is  obtained by solut ion o f  the 
Boltzmann equation which, fo r  ions o f  charge e, can be w r i t ten
(3. + v .9 + 9 } f ( r , v , t )  = J f ( r , v , t )t  - r  m v - -  - -
(2.3.2)
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where Jf 9fat coll
The collision operator J is a linear operator
which acts on f through its velocity dependence only, and depends 
functionally on the neutral distribution and scattering cross sections. 
We will consider elastic collisions only.
The operator J is defined by
-  J ( f ) (f(v)F(V) - f (v ' )F(V1)}g I(g,0)dftdV (2.3.3)
where a prime denotes conditions before collision. Although i ts  action 
on f(v) is usually given in the form of an integral operator, i t  can also 
be represented in terms of differential operators and as an infini te 
matrix (Kumar et at. , 1980).
In using this equation the following assumptions will be made:
(a) only a s tat ic uniform electric field is present
(b) the charged particle number density is sufficiently 
small that both mutual interactions between charges 
and the influence of the swarm on the neutral gas 
are negligible
(c) there are no reactions to form product ions
(d) all collisions are binary
(e) the collision times are short compared with the mean 
free time between collisions
(f) the electric field is not strong enough to significantly 
polarize the neutral gas particles
(g) the distribution function of the neutral particles,
F(V), is taken to be independent of time and position 
and i ts  velocity dependence is assumed to be Maxwellian
(h) the ion-atom forces are assumed central and hence the 
scattering cross sections are independent of azimuthal 
angle.
The basic assumption in transport calculations is that,  after 
some suitable time, the distribution function can be written in the form
14
f ( r ,v , t )  = 2 f ^ ( v )  0 (-V)J' n(r, t)  (2.3.4)
3=0
where the f ^ ( v )  are tensors of rank j and 0 indicates a j-fold scalar 
product. This can be rewritten as
f (r ,v , t )  = n ( r , t ) f ^ ( v )  + V n ( r , t ) . f ^ ( v )  + ...........  (2.3.5)
The space-time dependence of f ( r ,v, t )  is therefore functionally determined 
by n ( r , t ) .
By considering the time development of this ion number density 
n(r, t)  we can obtain a hierarchy of simpler kinetic equations for the 
components of the sum (2.3.4). The continuity equation for the number 
density is
9t n(r, t) + V. (nu(r,t)) = (31 n (r , t ) ) col (2.3.6)
which describes the change in n(r, t )  due to a convective particle current 
nu(r,t) and a collision term (3  ^n ( r , t ) ) cQ-|-| . If  we assume that both 
these quantities can be expressed as power series in the gradient operator 
Vwith constant coefficients (Kumar et  at. 1980), equation (2.3.6) can be 
written in the form of a transport equation
{3. - 2 w(k) 0 (-V)k} n(r, t)  = 0 (2.3.7)
T k=0 ‘
( k )where the tensors or are transport coefficients of order k. Truncating 
this equation at k =2 yields the diffusion equation
9t n + vdr ‘Vn " = : VVn = " an (2.3.8)
where v, = is the dr i f t  velocity, D = is the diffusion tensor -ar - / qx
and a = - or y is the reaction rate (=0 under present assumptions).
The general transport equation (2.3.7) and the expansion (2.3.4) 
of f ( r ,v , t ) ,  when used with the Boltzmann equation, lead to the hierarchy 
of kinetic equations
15
{a.8v + J}f<°> - - J ° ¥ ° > (2 .3 .9a )
{ a . 3 + J } 4 k  ^ = v f (k_1) (v) - £  , k / 0  . (2 .3 .9b)
'  V  '  j = 0  '
In p r i n c i p l e ,  these  formal equat ions  can be solved to give the t r a n s p o r t  
c o e f f i c i e n t s  which a re  the time de r i va t i ve s  of  the moments o f  the 
dens i t y  (Kumar e t  a l .  , 1980).
In p r a c t i c e ,  these  equat ions  a re  not  solved d i r e c t l y .  The Boltzmann 
equat ion i s  m u l t i p l i ed  by a s e t  o f  chosen bas i s  func t ions  iJj and i n t e g r a t e d  
over  v to give the moment equat ion
N< Jip > VmV / E . < V > -  [< vif» > -  < v ><\|j > ] . V  I n n  .
(2 .3 .10)
The ip's are  func t ions  o f  v alone and the Boltzmann c o l l i s i o n  ope ra to r  i s  
given by (Viehland and Mason, 1975)
+
J V F(i|; - ip ' )  I v - V I I dfi d_V . (2 .3 .11)
Under the above assumpt ions ,  the moments of  the dens i t y  d i s t r i b u t i o n  
(and hence the t r a n s p o r t  c o e f f i c i e n t s )  are d i r e c t l y  given by the moment 
equat ion.  The terms,  which a re  to be averaged over the ve l oc i ty  
d i s t r i b u t i o n ,  a re  expanded in terms o f  the funct ions  ip, giving an i n f i n i t e  
s e t  o f  a l gebr a i c  equat ions .  These equat ions  a re  t runca t ed  a t  some po i n t  
which i s  determined fol lowing success ive  approximat ions .
This "moment method" of  ana l ys i s  i s  appl i ed  in the two- and 
t h ree - t empera t ure  t h eo r i e s  d i scussed in sec t i on  2 . 4 . 3 .  Before cons ide r ing  
these  t heor i e s  the h i s t o r i c a l  development of  t r a n s p o r t  t heo r i e s  wi l l  be 
b r i e f l y  reviewed.
2.4 Hi s to r i ca l  Survey of  Transpor t  Theories
The development o f  a t r a n s p o r t  theory desc r ib ing  the ion motion 
in a neutral  gas has fol lowed a number o f  d i f f e r e n t  paths which can 
roughly be grouped i n t o  two c l a s s e s ,  " l imi ted"  and "complete" t h e o r i e s .
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The l im ited  theories include thermal theories, i . e .  those applicable 
only to ion swarms in  the absence o f an e le c tr ic  f ie ld ,  and those which 
are based on the assumption that the ion d is tr ib u t io n  function is  close 
to Maxwellian in ve lo c ity  space (low E/N). In complete theories the 
d is t r ib u t io n  function is  allowed to be strongly anisotropic and these 
theories are not re s tr ic te d  to low E/N values. Monte Carlo methods are 
included in th is  category. A ll the theoretical treatments u n t i l  tha t 
o f Viehland and Mason (1975) are " l im ite d "  theories.
The foundations o f the theore tica l work were la id  in the 19th 
century by Maxwell and la te r  by Boltzmann. Figure 2.2 gives a schematic 
representation o f the h is to ry  o f swarm theory development.
In 1860, Maxwell published a paper de ta i l ing  two theories on the 
behaviour o f atoms in gases. The f i r s t  was his " free f l i g h t  theory" 
which was based on the assumption o f  constant mean free time between 
co l l is io n s  and his new concept o f  a ve loc ity  d is t r ib u t io n  function.
Using th is  theory he obtained formulae fo r  transport coe ff ic ien ts  o f 
a gas including v iscos ity  and d if fu s io n .
The second o f Maxwell's theories was the "momentum transfe r theory" 
which was based on his equations o f momentum trans fe r. Using th is  theory 
Maxwell obtained formulae fo r  the transport coe ff ic ien ts  fo r  the case 
V(r)a r~4 ( i .e .  a "Maxwellian gas").
2.4.1 Thermal Theories
The next major advance in ion m obility  theory fo llowing Maxwell 
was made by Langevin in  1903 and was based on the k ine tic  theory o f 
gases. Langevin treated the ions and gas molecules as s o l id  e la s t ic  
spheres, the only repulsive force acting being tha t at the ins tant o f 
impact. The parameter E/N was assumed to be s u f f ic ie n t ly  small tha t 
the energy derived by the ions from the applied f ie ld  was neg lig ib le  
compared with the thermal energy. This theory predicted values fo r  the 
m ob il i ty  which were always too high and gave an incorrect dependence on 
ion ic  charge and temperature.
In 1905 Langevin published an improved, rigorous theory which was 
based on Maxwell's momentum trans fe r method. Langevin assumed a
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po t en t i a l  c ons i s t i ng  of a hard-sphere  r epul s ion  term plus a p o l a r i z a t i o n  
term and a cons tan t  mean f r ee  path between c o l l i s i o n s .  The p o l a r i z a t i o n  
term is  an r -5 a t t r a c t i v e  force  in the case of non-polar  gases and 
r ep re sen t s  the d i r e c t  a t t r a c t i o n  of permanent dipoles  i f  the gas i s  
po la r .  The force  of  a t t r a c t i o n  between an ion and a molecule i s  
t h e re fo re  given by ( e - 1 ) e 2/(2iTNr5) where e i s  the d i e l e c t r i c  cons t an t  
of the gas and N is  the gas number dens i t y .  Langevin' s  formula fo r  the 
mobi l i t y  i s
K A 1 + (M/m) 
p ( e - l )
^2
(2 . 4 . 1 )
where p i s  the gas dens i t y .  In the p o l a r i z a t i o n  l i m i t  (E/N + 0) A has 
the value 0.5105.  The p o l a r i z a t i o n  l i m i t  to the mobi l i t y  i s  of  i n t e r e s t  
s ince  i t  i s  the value reached by a l l  ions in gases when E/N= 0 and the 
gas temperature i s  s u f f i c i e n t l y  low t h a t  the i n t e r a c t i o n s  are dominated 
by the d ipole  p o l a r i z a t i o n  fo rce .
Hasse and Cook (1931) replaced Langevin' s  concept  of  po l a r i zab l e  
e l a s t i c  spheres by poin t  cen t r es  of force  assuming an inverse  f i f t h  
power a t t r a c t i v e  law to c a l c u l a t e  i on i c  m o b i l i t i e s  but  agreement with 
experiment  was s t i l l  poor.  Subsequent ly,  Margenau (1941) examined not 
only the inverse  f i f t h  power force  but  a l so  higher  order  f o r c e s ,  ignor ing 
r epu l s ive  forces  and assuming e l a s t i c  c o l l i s i o n s  between so l i d  spheres .
2 .4 .2  Low E/N Theories
The f i r s t  t h e o r e t i c a l  s t ud i e s  of  ions in a neut ra l  gas wi th an 
appl ied e l e c t r i c  f i e l d  were made by Chapman and independent ly by Enskog. 
Chapman (1916) began with Maxwell ' s equat ion of  momentum t r a n s f e r  while 
Enskog (1917) obtained mathemat ical ly  equ iva l en t  r e s u l t s  using the 
Boltzmann equat ion.
The r e s u l t a n t  c l a s s i c a l  theory of  ionic  mobi l i t y  makes no 
assumptions as to the form of the i n t e r a c t i o n  po t en t i a l  or the r e l a t i v e  
masses of the ions and atoms. I t  does,  however, assume t h a t  a l l  t r a n s po r t  
phenomena a r i s e  by dev ia t i ons  from a Maxwellian equi l ibr ium v e l o c i t y  
d i s t r i b u t i o n  which i s  i s o t r o p i c .
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Kihara (1953) extended the Chapman-Enskog method by using the 
second order approximation fo r  the m o b il i ty  and expressing the ion 
ve lo c ity  d is t r ib u t io n  as an expansion in Burnett functions which are 
products of Laguerre polynomials and spherical harmonics. The re su lt  
was an expansion fo r  the d r i f t  ve lo c ity  v^r  in powers of ( E/N) 2. The 
theory was s t i l l  re s tr ic te d  to studies of the low f ie ld  m o b il i ty  since 
a perturbed Maxwellian is  assumed.
The Chapman-Enskog theory was fu r th e r  extended by Mason and 
Schamp (1958) to a th ird -o rde r approximation to obtain a re su lt  fo r  
the m o b il i ty  in a weak e le c t r ic  f ie ld  as a function of the temperature 
and f ie ld  strength. Mason and Schamp used a (12,6,4) potentia l (see 
section 2.1).
Attempts to take the Chapman-Enskog theory to higher approximations 
by the approach of Mason and Schamp are defeated by the increasing 
complexity of the algebra involved. Kumar and Robson (1973) dealt with 
th is  increasing complexity by reformulating the problem and avoiding 
series expansions. Their method yielded an nth-order approximation to 
the m ob il i ty  and d if fu s io n  c o e ff ic ie n ts .  The resu lts  of the e a r l ie r  
theories are special cases of the Robson and Kumar formulae. Although 
the d is t r ib u t io n  function was an isotropic due to the large number of 
terms in the Legendre polynomial expansion, the method was s t i l l  l im ited  
to low E/N values because of the necessity to truncate the matrices.
Development of the transport theory via the general Chapman-Enskog 
method is  prevented by i t s  basic, in b u i l t  l im i ta t io n  tha t the ion ve lo c ity  
d is t r ib u t io n  is assumed to be only s l ig h t ly  perturbed from the Maxwellian 
d is t r ib u t io n .  The ion ve lo c ity  d is t r ib u t io n  function has been shown to 
be highly an isotropic (see, fo r  example, the Monte Carlo work of 
Skullerud, 1973a, and the thermodynamic treatment of Robson, 1972) and 
equ ipa rt it ion ing  of energy is not realized even at low and intermediate 
f ie ld  strengths. Thus the general Chapman-Enskog method is  l im ited  to 
weak e le c tr ic  f ie ld s .
2.4.3 The Two Temperature Theory of Ion Transport
Viehland and Mason (1975) proposed a method fo r  solving the moment 
equation (2.3.10) to obtain the transport coe ff ic ien ts  ra ther than
20
solving the Boltzmann equation to obtain the distribution function.
Their solution, claimed by the authors to be the first to be valid for 
arbitrary field strength, m/M ratio and interaction potential, is now 
described briefly.
wnen using tne two-temperature cneory an initial yuess, y(v) 
is made for the ion distribution function, f(v), and a complete set 
of functions ip, which are orthogonal with respect to the weighting 
function g(v), is constructed. The moment method of section 2.3 is 
used with an approximation scheme which uses the fact that the effects 
caused by the ion density gradient are small compared with those caused 
by the electric field.
When developing their two-temperature theory for ion transport, 
Viehland and Mason (1975, 1978) chose the weighting function to be
and k is the Boltzmann constant. The basis functions are the Burnett- 
like spherical polar functions
(2.4.2)
where T. is the effective ion temperature defined by
j m< v2 ) (2.4.3)
= wp Sp+Jju>2) (coseje1^ (2.4.4)
and
0) £ v .2kT
r QThe Sp+^ and are the Sonine polynomials and the associated Legendre 
polynomials respectively.
Expanding the Jip of (2.3.10) gives
(2.4.5)
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The a^s(p) are the matrix elements with respect to the basis functions 
and the collision operator J.
The most important result of this theory is an expression for the 
mobi1ity
K =
7T 3e( 1 + a)
WkTeffJ 8NnW(Te f f )
(2.4.6)
where the effective ion temperature characterises the mean ion energy 
in the centre of mass frame and is given by
k Teff I  kT +
r 2
dr'VÜ J l  + 3) (2.4.7)
(The ft" is a collision integral defined by
n i s (T)  = [(s+i):(kT)s+2i (e)eS+^  exp (-e/kT)de (2.4.8)
where e is the relative kinetic energy of the ion-neutral collision,
0Q (e) is the transport cross section and T can refer to the gas 
temperature, an effective temperature or any temperature-like variable 
arising in a given problem. These integrals link the transport 
coefficients to the cross sections.) The correction terms a and 3 are 
much less than 1 but are not small enough to be negligible except in 
special cases. The diffusion coefficients can be expressed in terms 
of the mobility through Generalized Einstein Relations (see section 2.5).
The two-temperature theory was the f i r s t  ion transport theory 
which was successful over a wide enough energy range to test interaction 
potentials using transport coefficient data. Using this theory a 
potential is chosen, the differential scattering cross section calculated 
and then the corresponding cross sections Q and the ft for a suitable 
range of effective ion temperatures obtained. The next step involves 
solving the moment equations to an adequate order of accuracy so that 
E/N, k and Q can be obtained for each effective ion temperature. These
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results are then compared with experimental data, any necessary 
modifications made to the potential and the procedure repeated until 
an adequate f i t  is obtained. The ion-atom systems for which the two- 
temperature system has been used are summarised in Table 2-1.
The two-temperature theory is generally satisfactory fo r transport 
properties which are only weakly affected by the anisotropy of the ion 
motion, including mobility and the mean energy of the ions. However, 
low order approximations to other properties such as the diffusion 
coefficients become very inaccurate as m/M and E/N increase and the 
theory fa ils  completely in a low order approximation when m/M >4 or 
E/N >50 Td. This makes the two-temperature theory unsuitable for use 
in the present work where a re la tive ly  high mass ratio  occurs (for 
a lka li ions in He) and where data above 50 Td are used.
2.4.4 The Three-Temperature Theory
In 1979 Lin, Viehland and Mason published a three-temperature 
theory of ion transport which, like  the two-temperature theory, b u ilt  
anisotropy into the basis functions for the velocity d is tribu tion .
The name three-temperature theory arises from the use of two "temperatures" 
T|| and T^  to characterise the velocity d istribu tion of the ion swarm.
The th ird  temperature is the gas temperature.
In this theory the d is tribu tion  was chosen to be approximately 
Maxwellian with elliptical d istortion at high E/N and m/M values. Again 
an in f in ite  set of moment equations must be solved by adopting a 
systematic procedure for truncating in f in ite  sums such that successively 
more accurate approximations to the transport coefficients are obtained.
The increased complexity of the basis functions (which were chosen so 
the results converge rapidly for a ll mass ratios) greatly increases 
the labour involved in solving these moment equations.
In the three-temperature theory the weighting function is chosen
to be
C
o
m
m
en
ts
Io
n
 
b
ea
m
 
p
o
te
n
ti
a
ls
 
co
m
p
ar
ed
 
Cl
"
C
o
m
p
ar
ed
 
0
"
U
se
d
 
s
im
u
la
te
d
 
d
a
ta
T
e
s
te
d
 
in
v
e
rs
io
n
 
m
et
h
o
d
E
le
c
tr
o
n
 
g
as
 
p
o
te
n
ti
a
ls
P
re
d
ic
te
d
 
ru
n
aw
ay
o  §
cn
t- 2E i
- O
Lv LvJ
K _____ r~-
o
E uj
o
LO
X)
CO O.— C\J c
fc 33
a» ( D C 'S 'S S  c
03 Oi 03 CD ex r f  C
aj —  ^rx cn cn o 03 C _0 c c c c  o c c n n  o
*
03 ■—
5  •
"2 CO
S S
LO E S-
03 QJ S
C 4-J
E
CD
E
CD
E
03 p E ” ?CD 3  C O  ■M -r- O4-J
s
-o  « Ö *3 
■u -o
- a  ^  
03 o
03 <£ <D 03 
CL. 03 C U. C UJ ra C_J
■a
CD
- o
CD 03 
03 C  
OJ
CD —1 03 03 
03 i- C
^  03 ^  03
o z  * |  1 2  r—’ C < n03 —** 4-> ra ^ 4-> Z r—  C  ■M 03
O co s  ^
*o  c
-C CO u  E O 
■r— r>» (u 03 i— s S s
o  G
CD 03 « § - !
c “i
—  < c
03 2  
CJ ^
03 * r -  
3 :  O i C q 3 u
5
O Q
•*“  03 
Q  3 0  0 ^ 3
CD
£
1
4-
J3 CD CD
OJ
03
(D \ £ £
i -
CD £
CU
H I
CD
31 31
CD
3=
4- CD
03 2 :
CD
£
X
£
c
• 4- 4- +
-  CD
4- 4- 4- • 1 • 4-
_J 3 31 _J - J C3
JD
CC
4-
o —J
CO
cn r x CO
j
vO
cn r x
cn
cn
2
—
cn CO cn
CO cn __ _ $
ci ♦ - j 3 c 3
O —
LO
r ^
cn
C
o «
£ £
-u
S
JS
CO
cn
03
cn
c
S —
4->
cn
40
•D
§
§
4-J
a I
•O 5
co
(D
r~-a
£l U a JZ z
03 3 03
> ~o
03 £
CD
>
c 03
.c
g
X I
-O
03
<*>
CO
cn
03
03
C
a
'O
03
*0
03
•o *o ■O -O
Ui
03
o
o
jn
-U 'O
'■g CD -s •3 z ■3 c
o
03 i ■z
1 3» > >
03
3 <3 <3
jC
h-
03
<3
24
g(y) = m m
i ’ rn(vx2 + vy 2 ) m ( v z -  vd) 2 "
[ 2 T T k T j 1^2TrkT||
CAU 2kT±  2kTj j
(2.4.9)
and the appropriate orthogonal polynomials are then the Hermite 
polynomi al s
ij; (v) = H pqr - p
~rmv S i " Vmv S
1 -,
2 r „  i 12
x u y u m fw w 1
j 2 k T j
n
q [ 2 k T i j r ( 2 k T u j
<
N Q-
(2.4.10)
ikT± = i  m<vx2> = i  m<vy2>
ikT.. = i  m( (v - v , )2>.z d
The analytical results of the three-temperature theory are 
generally complex and do not provide the physical insight of those 
obtained from other theories.
A disadvantage of the three-temperature theory is that the 
matrix elements in the moment equations are d i f f ic u lt  to evaluate 
and a large number are needed. However, the three-temperature theory 
not only gives correct results for simple models and accurate results 
obtained by other means (Lin et al. , 1979; Viehland and Lin, 1979) 
but is successful in calculating k , D|| and at high values of m/M 
and E/N and was therefore chosen for th is work.
Due to the computational complexities involved, the three- 
temperature theory has not been widely used. By comparing calculated 
and experimental m obilities and diffusion coeffic ients, Viehland and 
Lin (1979) tested a Cs+ - Ar potential which had been d irec tly  determined 
from mobility data using the two-temperature theory. Recently Viehland 
(1982a) has published details of numerical techniques that allow the 
mobility and diffusion coefficients to be calculated e ffic ie n tly  from 
a given potential using the three-temperature theory. These were 
applied to the case of L i+ - He using the potential of Gatland,
Morrison et al. (1977) which had also been d irec tly  determined from 
mobility data. These techniques are discussed and applied in Chapter 7.
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2.4.5 Monte Carlo Simulations
In studying the behaviour of ion swarms by the Monte Carlo 
technique a particu lar form of the interaction potential is assumed 
and a single ion is followed through a large number of free paths 
while continually monitoring its  ve locity, and thus gaining s ta tis tica l 
information about the swarm. The time averaged behaviour of th is probe 
ion is equated with the ensemble average for the many ions of a real 
system. The ion tra jectory between collis ions is determined by the 
classical equations for a charged partic le  moving under the influence 
of an external e lec tric  f ie ld  and collis ions produce an instantaneous 
change in velocity. The time intervals between collis ions and the 
magnitudes of the velocity changes are determined by a set of random 
numbers. In Monte Carlo calculations each system is a special case 
requiring a complete calculation from the beginning, and cross sections 
and co llis ion  integrals cannot be transferred.
Monte Carlo simulations for systems of ions in neutral gases 
have been performed by Skullerud (1972, 1973a) and Lin and Bardsley 
(1977) making the usual d ilu te  gas assumptions. Skullerud determined 
the mean velocity, the diffusion coefficients and the velocity 
d is tribu tion , for simple law interaction potentials (and various simple 
co llis ion  models) as well as for (N,6,4) potentials. One of the major 
features of th is work was the demonstration of the way in which changes 
in the form and strength of the interaction potential a ffect the transport 
coeffic ients. Figure 2.3 is a schematic of the ion mobility curve as a 
function of energy. The regions dominated by the potential minimum r , 
the potential zero a, and the long range part of the potential are 
indicated.
Lin and Bardsley determined the d r i f t  velocity, the mean energy 
and the velocity d is tribu tion of the ions for a number of ion-gas 
combinations. This work considered charge transfer reactions, 
reactions of 0+ with N2, 02 and NO and the value of mobility data in 
determining interaction potentials by studying the cases of K+-Ar and 
Li -He. Of significance for the present work was the ir conclusion 
that more low temperature transport data is needed to improve the 
accuracy of these interaction potentials.
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repulsive 
\  wal 1
Large r
Fig. 2.3: The ion mobility curve as a function of energy showing the
influence of the interaction potential.
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2.5 The Generalized Einstein Relations
The Generalized E instein Relations (GER) provide simple connections 
between the m ob il i ty  and d if fu s ion  and have attracted considerable 
in te re s t  because they provide a means o f estimating d if fus ion  coe ff ic ien ts  
in the absence o f accurate experimental data.
When the ions are in thermal equilibrium with the gas, the m ob il i ty  
of the ions can be re lated to the co e f f ic ie n t  o f d if fu s ion  by the Nernst- 
Townsend or Einstein re la t io n
This re la t ion  has often been generalized in attempts to give re la t ions  
which are applicable when the ions are no longer in thermal equil ib rium  
with the gas.
Wannier (1953) published semi-quantitative general formulae fo r  
the ion ic m ob il i ty  and mean square ve loc ity  based on a constant mean 
free time model. This theory assumed that the ion density was 
vanishingly low and tha t a l l  co l l is io n s  were e la s t ic .
One of the most useful aspects o f Wannier's theory was his 
expression fo r  the to ta l energy of an ion at high E/N,
i m v . 2 = [ i  m v*r  + i  M v ^ ]  + |  kT (2.5.2)
where 7 T2~ is the mean square of the to ta l ion ic ve lo c ity .  The 
bracketed terms on the r ig h t  hand side represent the ion ic energy 
gained from the f ie ld .  The f i r s t  component of the f ie ld  term is  the 
energy of the d r i f t  motion and the second is the con tr ibu tion  of the 
f ie ld  to the random motion. The f in a l term, 3/2 kT, is the energy of 
the ions due to the thermal motion of the neutral gas atoms. Wannier 
demonstrated that the random energy due to the f ie ld  is d is tr ib u te d  
an iso trop ica l ly  and obtained re la tionsh ips fo r  the d if fu s io n  tensors 
in high f ie ld s .  These re la tionsh ips can be rewritten as the GER
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and
d in  K]
d in  E
kT,
(2 .5 .3 )
fo r  ions not in thermal equ i l ib r ium  with  the gas.
When considering the p a r t i c u la r  case o f  very high e le c t r i c  f i e l d  
s trengths, Wannier introduced the "cold gas approximation" which assumes 
tha t  the energy imparted to the ions by the e le c t r i c  f i e l d  is  large 
compared with  the thermal energy.
Attempts have been made to obtain GER based on many d i f f e r e n t  
models o f  ion t ranspor t .  These have included the work o f  Skul lerud 
(1976) which included an extension o f  Wannier's cold gas theory to 
d i f fu s io n  fo r  heavy ions and strong f i e ld s  and the non-equi l ibr ium 
theory o f  thermodynamics o f  Robson (1972) which v e r i f i e d  Wannier's 
resu l ts  in the low f i e l d  region. Whealton and Mason (1974) solved 
the l inea r ised  Boltzmann equation using a moment expansion method. 
Skul lerud and Forsth (1979) extended Wannier's cold gas ion t ranspor t  
theory to f i n i t e  gas temperatures by inc luding thermal motions in a 
per tu rbat ion approach.
The two-temperature theory o f  Viehland and Mason (1975) also 
y ie lds  GER. In a f i r s t  order approximation these are
q D,,
K
Ir d ln K “I
= k T n 1L1 + * i, d ln (E/N)J
e i-“
1
ii n  4 - d ln K
K L1 Yi d In  (E/N)1
where and T^ are funct ions o f  T, the ion and atom masses and the 
c o l l i s i o n  in te g ra ls .  I f  the ion mass is much smal ler than the atomic 
mass or the f i e l d  is  very weak, these take the form o f  (2 .5 .3 ) .
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Most recently, Waldman and Mason (1981) have derived GER from 
the three temperature kinetic theory of gaseous ion transport in the 
second order approximation.
It should be emphasised that the prime use of GER is to enable 
first order estimates of certain transport coefficients to be obtained 
from a knowledge of other coefficients.
2.6 The Interaction Potentials for Li+ and K+ in He and Ar
+ +The potentials for the four combinations of Li and K with He 
and Ar are of interest as they represent relatively simple closed shell 
systems. The interaction of an Li+ ion with a helium atom has been of 
particular interest over many years as this case is sufficiently simple 
for accurate theoretical studies. We first consider ab initio 
calculations of these four potentials, then potentials derived from beam 
studies and finally potentials derived previously from transport 
coefficient data.
One of the earliest studies in which an ab initio Li+ -He potential 
was tested by calculating mobilities was performed by Mason, Schamp and 
Vanderslice (1958). The potential was determined by a LCAO-SCF-MO 
calculation. Catlow et al. (1970) also performed a calculation of 
this type and subsequently obtained differential cross sections as 
well as Q s (k2 ), Q ^ ( k 2 ) and mobilities as a function of temperature.
A major problem with these studies was the lack of a good ion transport 
theory for predicting ion mobilities.
Kim and Gordon (1974a) obtained potentials for closed shell 
systems by assuming that the electron density of the combined system 
equalled the sum of the two separate electron densities. This potential 
failed at large internuclear separations as it did not account for 
induction and dispersion contributions. A unified theory for the 
interaction potential between closed shell atoms and ions which 
simultaneously included the effects of short and long range effects 
was also published by Kim and Gordon (1974b). The description of the 
long range forces was based on a Drude Harmonic Oscillator model and
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the forces reduced to the usual dispersion and induction effects at 
large distances. This work presented a number of tabulated potentials 
including the four systems of interest here.
Hariharan and Staemmler (1976) presented a potential energy curve 
for the ground state of Li+-He over the range 0.5a0 to 10.0a0 (where a0 
is the Bohr radius) both at the SCF and CEPA levels. These potentials 
coincide in the long range limit although the CEPA gave a deeper well.
Gianturco (1976) extended the electron gas model for neutrals 
to describe Li and K in heavy rare gases, including Ar. Waldman and 
Gordon (1979) developed a revised electron gas-Drude model (EGDM) and 
calculated a number of potentials including Li+-He, K+-He, Li -Ar and 
K+-Ar.
More recently, Olson and Liu (1979) performed SCF and Cl 
calculations for the ground state of Li -Ar.
The repulsive short range part and the well of the interaction 
potential has been studied experimentally using either differential 
or total beam experiments. Differential scattering experiments have 
been performed at relative energies small enough to enable rainbow 
scattering to be observed and thus enabled potential well depths to 
be determined (Böttner et at. , 1975, for Li+-Ar, Kr and Xe). Total 
cross section results for K+ and Li+ in rare gases have been obtained 
and have given information on the repulsive well and potential well 
(Budenholzer et a t . ,  1977; Polak-Dingels et at.* 1982). The last two 
papers give a comprehensive review of determinations of the interaction 
potential using beam techniques.
The analysis of transport properties of the ions in gases 
provides information on the region of the well and the long range 
part of the potential. To accurately determine the potential well 
a number of conditions must be met. First, the effective distribution 
of distances of closest approach as given by classical considerations 
(Mil 1oy et at. , 1974) must not be much larger than the width of the 
well. Secondly, the energy range over which the transport property 
(or properties) is measured must be large enough that the distribution 
scans the potential well. Finally, i t  is necessary to have a transport
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theory which gives good results over a wide energy range. The two and 
three-temperature theories f i l l  this need.
Morrison e t  a l .  (1975) used the two temperature theory in its  
f i r s t  approximation together with the beam data of Inouye and Kita to 
test  the Li+-He potential of Catlow e t  a l .  by fit t ing i t  to analytical 
expressions as a function of r over different ranges of r. The potential 
gave discrepancies at small internuclear separations and, to a lesser 
extent, in the region of the well minimum.
Gatland, Viehland and Mason (1977) tested alkali ion-inert gas 
potentials (including Li+-He) using the two temperature theory and 
mobility data. The potentials were based on modifications to electron- 
gas model potentials which had been designed to improve the accuracy in 
the region of the potential well. The potentials were extended to long 
range by matching to the polarization limit and to short range by 
extending the quadratic f i t  of the last few points. The CEPA potential 
of Hariharan and Staemmler (1976) was tested by Gatland, Morrison e t  a l .  
(1977) using the third-order two-temperature theory and their mobility 
data. This potential failed at high E/N. Quantum effects were also 
considered in this study.
In the present work, potentials for these systems have been 
determined by adjusting a tr ia l  potential until mobilities calculated 
using i t  in conjunction with the three-temperature theory agree with 
the accurate experimental results. For ions in He experimental results 
at both room temperature and 80K were used, giving valuable information 
about the long-range tail  of the potential.
2.7 Direct Inversion Schemes
Traditionally "inversion schemes" have involved assuming a 
functional form for the potential with adjustable parameters. The 
transport properties were calculated as a function of the experimental 
variables and the adjustable parameters fixed by comparing experimental 
and calculated results. The functional forms were usually chosen to 
reproduce the known asymptotic limits of the true potential and to
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behave in a reasonable way in the intermediate region. A major problem 
was finding a sufficiently flexible functional form that did not include 
so many variable parameters that they could not all be fixed uniquely.
Viehland, Harrington and Mason (1976) presented a two temperature 
inversion scheme which did not require the assumption of a particular 
functional form for the potential. The potential chosen as a starting 
point does not affect the final result but does determine the number of
iterations needed for convergence. The scheme relies on the fact thato sat a given value of T ^  the value of the collision integral is 
essentially determined by the potential over a small range of r. The 
mobility data is converted to a set of pairs (ft" ,T .^p) and an iteration 
performed to find £(T*) and V (r ) where V ( r 0) = 6 k T ^  and T* = kT/c 
for a given well depth e. As the well depth of the potential does not 
change significantly with successive iterations, trial functions with 
different well depths must be selected till the data are fitted 
satisfactorily.
This inversion technique has been used by Gatland, Morrison and 
coworkers (1977) to obtain a potential for Li+ -He. The derived potential 
is in good agreement with the CEPA result of Hariharan and Staemmler 
except in the region of the repulsive core where it agrees well with 
the results of Inouye and Kita.
+ + +More recently the ions K , Rb and Cs in the gases Ar, Kr and - + + +Xe and the systems Cl -Xe, Li -Ar, H 2 -He and H -He have been treated 
with this iterative technique (see section 2.4.3).
At present there is no three temperature inversion scheme 
available.
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CHAPTER 3 : REVIEW OF EXPERIMENTAL STUDIES OF THE MOBILITY OF ALKALI
IONS IN INERT GASES
Although a number of  d i f f e r e n t  d r i f t  tube techniques  have 
been developed to determine the  m o b i l i t i e s  o f  ions in gases ( f o r  a 
review see e .g .  McDaniel, 1964; Viehland, 1982b) only th ree  methods 
have been used to o b ta in  accu ra te  a l k a l i  ion m o b i l i t i e s .  These are  
the  "Tyndal1-Powel1",  the  "Bradbury-Niel sen" and the  " D r i f t  Tube Mass 
Spectrometer"  methods. Each o f  these  techniques wil l  now be desc r ibed .
Due to i t s  use in t h i s  work, p a r t i c u l a r  a t t e n t i o n  w il l  be paid 
to the  Bradbury-Nielsen method.
3.1 The Tyndal1-Powel1 Method
The Tyndal1-Powel1 method developed a t  the U nivers i ty  o f  B r is to l  
in the  1930's involves the  use o f  two p a i r s  of  th in  and c lo se ly  spaced 
metal gauzes G1, G2, G3 and G4 (Figure  3.1) and i s  t h e r e fo re  o f ten  
r e f e r r e d  to as the 4-gauze method. A p o te n t ia l  b a r r i e r  between gauzes 
G1-G2 and G3-G4 i s  p e r i o d i c a l l y  removed to permit  ions to be t r a n s m i t t e d .  
Thus each p a i r  of gauzes a c t s  as a s h u t t e r .  In the e a r ly  s tu d i e s  s in e  
wave p o t e n t i a l s  were app l ied  to the sh u t t e r s  but r e s u l t e d  in the 
in t r o d u c t io n  o f  f i e l d  d i s t o r t i o n  in the region o f  the  s h u t t e r s .  Such 
d i s t o r t i o n  was e l im ina ted  by the  use of square wave pulses  (Beaty 1961, 
Beaty and P a t t e r s o n ,  1965) so t h a t  when the sh u t t e r s  opened the f i e l d  
between the  p a i r  o f  gauzes was the  same as in the d r i f t  region.  The 
p o te n t i a l  along the  d r i f t  tube i s  shown in Figure 3 .2 .  All modern 
Tyndal1-Powel1 systems now use square wave puls ing f o r  ope ra t ing  the 
s h u t t e r s .
An inc reased  unders tanding o f  the behaviour  o f  Tyndal1-Powel1 
s h u t t e r s  has come from the s tu d ie s  o f  El ford  and Williams (P r iv a te  
communication, 1982).  Hegerberg, El ford and Skullerud (1982) found 
t h a t  the apparent  t r a n s i t  time t^  o f  a group o f  ions t r a v e l l i n g  
between two Tyndal1-Powel1 s h u t t e r s  depended on the  open time (At) 
of  the  s h u t t e r s .  This e f f e c t  has been shown to a r i s e  from d i s t o r t i o n  
o f  the  ion pulse  due to a bu i ld  up o f  ions before  the  f i r s t  s h u t t e r
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G3 G4
Source S1 D r i f t  Region S2
Fig.  3.1:  Tyndal!-Powel 1 System.
P os i t ion
C o l lec to r
Fig. 3 .2 :  The p o te n t i a l  d i s t r i b u t i o n  in a Tyndal1-Powel1
d r i f t  tube .
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when the shutter is closed. The pulse allowed into the dr if t  space is 
therefore not symmetrical about its  centre of mass and, as a result , 
the frequency at which a current maximum is recorded does not reflect 
the true transit  time for the ions. The magnitude of the error 
incurred depends on the in it ial  degree of distortion in the ion pulse 
as well as on the gas pressure and E/N values. If At/t^ <0.02 the error 
is usually less than 0.3%.
An injected ion d r if t  tube mass spectrometer employing the 
Tyndal1-Powel1 method has been used by Kaneko and his coworkers at 
the Tokyo Metropolitan University for room temperature mobility 
measurements using gas pressures of about 1 Torr (shown schematically 
in Fig. 3.3). Since the technique was originally developed for the 
study of ion neutral reactions and such studies generally use He as a 
buffer gas, most of the mobility data is for ions in He. (These ion 
mobilities were in fact needed for the analysis of their reaction rate 
experiments.) The apparatus, which has been in operation since 1968, 
has a fixed d r if t  distance of 4.6cm. Many ion-gas combinations have 
been studied (Kaneko e t a l . ,  1978) including Li+ in He and Ar, the 
overall uncertainty in the mobility data being estimated as ±2%.
Data taken using this apparatus are discussed later  in section 3.4.
The variable length dr if t  tube used by Skullerud (1973b) 
featured a d r i f t  length which was variable from 0 to 5cm and t r ip le ­
grid shutters operated in the Tyndal1-Powel1 mode. The ion current at 
the collector was recorded as a function of the delay time between the 
f i r s t  and second shutter pulses. Skullerud used a differencing method 
to eliminate end effects and obtained mobility results over a wide E/N 
range (23 to 793 Td) for K+ in Ar. The absolute accuracies of the 
experimental values were estimated to be better than 1.5%.
Takebe and coworkers at Tohoku University use a conventional 
d r i f t  tube (Fig. 3.4) with a movable ion source consisting of a 
thermionic emitter for alkali ions, an extraction electrode, an 
electrode known as a reaction control plate and a Tyndal1-Powel1 
shutter. Between the extractor plate and the f i r s t  shutter is a 
relatively long distance (originally included to reduce heating effects 
in the drif t  region) which is exploited in the study of clustering 
reactions. The E/N value in the source can be varied by changing the 
potential of the reaction control plate.
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Source MS Shutter Shutter MS Multiplier
Fig. 3.3: A schematic of the d r if t  tube of Kaneka et  al. (MSDTMS)
movable
I I
*
Source E R Shutter Shutter Collector
Fig. 3.4: A schematic of the d r if t  tube of Takebe e t  al.
(E = extraction electrode, R = reaction control plate).
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The movable ion source can be stopped in ten positions with a 
maximum drif t  length of 6 cm. Pressures used typically range up to 
4 Torr, E/N values up to 30 Td (although values as high as 350 Td are 
possible) and the gas temperature is about 304 K. The ion current from 
the filament is chopped by the Tyndal1-Powel1 shutter mounted at the 
end of the source and pulses of ions dr if t  and diffuse in the dr if t  
tube. The second shutter is operated by a narrow gating pulse at a 
known delay time after the application of a gating pulse to the f i r s t  
shutter and a plot of collector current versus delay time is recorded 
using a 256 channel multichannel analyser. The drift  tube does not have 
a mass spectrometer attached and ions must be identified from comparisons 
of mobility and diffusion coefficient values with values for directly 
mass identified species. The pressure dependence of the ion abundances 
also provides evidence for the identity of the ions present.
Mobility results have been reported at temperatures slightly 
above room temperature, pressures up to 5 Torr and over a wide E/N range 
for Li+-He (Takebe e t  a l .  , 1979), K+-Ar (1980b) and Li+-Ar,Kr,Xe (1982). 
Where quoted, the error limits are given as approximately ±1%. These 
workers have also reported mobility results for other ion-gas combinations 
and reaction rate coefficients as discussed in Chapter 4.
3.2 The Bradbury-Nielsen Drift Tube
In their studies of electron and negative ion mobilities, Bradbury 
and Nielsen (1936) made use of a d r if t  tube in which the two shutters 
were coplanar grids, alternate wires being connected together. Such a 
shutter had f i r s t  been proposed by Van de Graaff (1929) and used as an 
electron f i l t e r  by Cravath (1929) following the suggestion of Loeb.
Phelps and coworkers (see e.g. Pack and Phelps, 1961) also used this 
shutter type for electron dr if t  velocity measurements. Crompton and 
El ford (1959) adopted this technique for the study of ion mobilities 
in gases and this method has subsequently been used by Creaser (1969) 
for the measurement of the mobility of K+ ions in different gases and 
by Milloy (1973a) for the study of Li+, K+ and Cs+ in inert and light 
diatomic gases. Milloy quoted error limits of better than 1.5% in all 
cases, while Creaser quoted errors of 1% at 293K and 2% at 79K.
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3.2.1 Basic Description
In the Bradbury-Nielsen method, an alternating potential is 
applied between adjacent wires of the grid (Fig. 3.5) such that the 
mean value of the potential is the value of the uniform dr if t  field 
at that point. Conventionally, a sinusoidal waveform is used and the 
two sets of wires in a shutter receive signals of the same amplitude 
but opposite in phase.
If the instantaneous potential between the wires is large the 
ions reaching the shutter are swept laterally to the wires and no 
current is transmitted. However, i f  the potential between the wires 
is close to zero, ions are transmitted by the shutter. Therefore, i f  
a steady current is incident on the f i r s t  shutter of a d r i f t  tube, a 
pulse of ions is transmitted into the drif t  region once each half cycle. 
These groups of ions dr if t  toward the second shutter which is supplied 
by an alternating voltage of the same frequency, amplitude and phase as 
is applied to the f i r s t .  If  ions reach this second shutter at any time 
other than when the alternating voltage is close to zero they will be 
swept to the wires and no current will reach the collecting electrode. 
However, i f  the ionic d r i f t  velocity is such that the group reaches the 
second shutter with a delay of one half-cycle or an integral multiple 
thereof, the alternating potential will be zero and the group will be 
transmitted to the collector. A plot of the collector current versus 
frequency (or arrival time spectrum) shows maxima corresponding to 
frequencies at  which the ion transi t  time through the dr if t  space 
corresponds to an integral number of half-cycles. The transit  time can 
thus be determined from
(3.2.1)
where f is the frequency of the nth peak and f =nf i . Figure 3.6 
shows a typical arrival time spectrum.
The frequencies f can be determined accurately by finding the 
average values of the two frequencies in the nth peak where equal 
currents are transmitted. If  these frequencies are determined where 
the current changes rapidly with frequency, the errors due to fluctuations 
in the transmitted current are small. In practice, the average frequency
AFig. 3.5a): Schematic of a Bradbury-Nielsen shutter.
DC level
Fig. 3.5b): Voltages on the sets of wires of a Bradbury-
Nielsen shutter.
Frequency
Fig. 3.6: A typical arr ival  time spectrum.
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f is found at a number of values of the ion current and for a number of n
peaks in order to detect the presence of skewness. The dr i f t  velocity is 
determined using
As n increases, the resolution of the peak (defined as f p/Afn where f R 
is the peak frequency and Af is the full width half maximum increases 
since the ini t ial  width of the electron groups is inversely proportional 
to n. The limiting value of the resolution is determined by diffusion 
and has been used to obtain longitudinal diffusion coefficients by 
Milloy (1973b).
The Bradbury-Nielsen method is limited to moderately low values of 
E/N. At high E/N values where the mean ion energy is much greater than 
thermal the shutters become inefficient and discrete pulses are no longer 
produced.
The Bradbury-Nielsen method has the advantage that the positions 
of the planes at which the ion groups are formed and subsequently sampled 
are well defined. Consequently the dr i f t  distance is also well defined 
and the dr i f t  velocity can be determined accurately at different values 
of E/N and pressure using the relation
where d is the dr i f t  distance, C is a constant and ß = Djj/ v^^d. This
expression will be considered again in the next section.
3.2.2 Theory
The number density n(x,y,z,t) =n of a travelling group of charged 
particles released at a point in a dr i f t  tube is assumed to be the 
solution of the diffusion equation
(3.2.2)
vdr = 2d f , ( l - Cß ) (3.2.3)
(3.2.4)
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where the e le c t r ic  f ie ld  is in the z -d irec t ion  (Huxley and Crompton 1974). 
This equation and i t s  so lu tion are discussed in de ta il in Part B of th is  
thesis. I f  we now assume that the d r i f t  tube has shutters at z=0 andz=d, 
tha tthe  charged pa rt ic lesa re  released at time t=0 and fo llow  the treatment
of Part B, the equation fo r  the ion number density in the d r i f t  space 
becomes
n
n0'
(4ttD|| t ) 2 vdr t
z exp
4 D„ t  J
+ (z - 2d) exp
(z - vdrt ) 2 + 4d(d - z)
4 D„ t
(3.2.5)
The quantity n0‘ is the number o f ions per un it  area which are 
released by the shutter each time i t  opens and is  d i re c t ly  proportional 
to the open time o f the shutter. For a Bradbury-Nielsen experiment in 
which sinusoidal waveforms are used, n0' is inversely proportional to 
the gating frequency and the number o f ions emitted per pulse depends 
on the time between the opening o f the f i r s t  shutter and the opening of 
the second. Therefore n0‘ can be w rit te n  as n0‘ = const. * t .
At the second shutter the inverse dependence of n0' on the gating 
frequency is cancelled by the d ire c t  dependence on the number o f pulses 
transmitted per u n it  time. Thus n has the form
n const. 1 
( 4tt D | | t ) "  v d r
z exp (z- vdrt)2j
4 Djj t  )
+ (z - 2d) exp
(z - vdrt ) 2+ 4d(d-z)
4 D„ t
(3.2.6)
In the analysis of a Bradbury-Nielsen experiment i t  is assumed 
th a t,  i f  an ion swarm is near the second shutter and th is  shutter is 
closed, then the density gradient w i l l  be large since we have the 
boundary condition n=0 at the shutter. Hence, when the shutter opens 
fo r  a b r ie f  time, the instantaneous transmitted f lu x  j ( d , t )  is
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j  (d , t ) (3.2.7)
and the current incident on a collector of area A is
Aej =
t 2
(3.2.8)
In th is derivation i t  is assumed that the pulses trave lling  in the d r i f t  
tube do not overlap.
From an experimental point of view, we are interested in the 
variation of th is current with time. To a good approximation, the 
d r i f t  velocity v^r is given by = d /tm where t m, the effective 
tra n s it time, is the time at which the collected current is a maximum.
When the effects of diffusion are considered, i t  is seen that t  
does not correspond to the time at which the centroid of the group passes 
the second shutter. The error introduced by calculating v^r from the 
position of the peak maxima is therefore known as the "d iffusion error". 
By equating the time derivative of the flux (d j/d t) to zero i t  can be 
shown (Huxley and Crompton, 1974) that
I f  the ions enter the d r i f t  space from a source considered as an axial 
point on the f i r s t  shutter, an error of 53 is introduced i f  the current 
is monitored on axis and of 33 i f  a ll the current is collected. This 
error term is pressure dependent.
There are a number of other factors which also contribute to 
diffusion errors including diffusion to the second shutter a fter i t  has 
closed, higher order density gradients near the shutter and the fact 
that the transmission depends on the ion energy. As a consequence the 
simple theoretical expression fo r the diffusion error is not expected 
to be confirmed experimentally. As the diffusion and end effects are 
functions of pressure, data must be taken at more than one pressure in 
order to detect the presence of such errors and enable them to be 
eliminated. This has been done in the present work. I t  should be noted,
(3.2.9)
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however, that a pressure dependence may be caused by other factors such 
as the presence of reactions.
The factors which determine the accuracy of drift  velocity 
measurements made using this technique and experimental problems are 
considered in Chapter 5.
3.3. Drift Tube Mass Spectrometer Methods
The most well known example of a Drift Tube Mass Spectrometer 
(DTMS) in which mobilities are determined from arrival time distributions 
is that used by McDaniel and coworkers at Georgia Institute of Technology. 
This apparatus (Snuggs e t  a t . ,  1970) can be used to determine not only 
the mobility but also the longitudinal and lateral diffusion coefficients 
of ions in gases. The ion source (pulsed electron impact or thermionic 
emitter) can be moved over almost the entire length of the 44cm 
cylindrical d r i f t  tube (Fig. 3.7). The ions are gated into the dr if t  
region with a Tyndal1-Powel1 shutter. At the end of the d r if t  tube, 
some of the ions close to the axis are sampled through an exit aperture 
and mass analysed by a quadrupole mass spectrometer. The arrival time 
spectrum of the ions is recorded by a 256 channel time-of-flight analyser 
and the dr if t  velocity determined by measurements taken at a number of 
d r i f t  lengths to reduce end effects.
Takata (1975, 1977) has used a variable length d r if t  tube with a 
thermionic source and a maximum drif t  length of 43cm together with a 
differencing technique. Ion bursts of a few microseconds are 
periodically gated out of the source into the dr if t  region by a Tyndall- 
Powell shutter. The ions leaving the d r if t  region are mass selected and 
detected with an electron multiplier. This apparatus has been used to 
study Li+, Na+ and K+ in He (1975) and Li+-Ar (1977) at temperatures 
slightly above room temperature and pressures of 0.2 to 0.8 Torr. These 
results have been taken during studies of mobilities in gas mixtures and 
the accuracy of the values were estimated at ±3%.
Keller et  al .  (1973) used a d r i f t  tube which could be operated 
in two configurations, one with a d r if t  length of 44cm and the second
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Source
Fig. 3.
Shutter MS
Drift Region Multipiier
A schematic of the DTMS at the Georgia Institute of 
Technology.
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of 7.5cm. Filament sources were used in a lk a l i  ion studies. The long 
d r i f t  length configuration has three Tyndal1-Powel1 shutters, the shorter 
has one Tyndal1-Powel1 shutter and a wire gr id  near the end plate o f the 
d r i f t  tube. In both cases ions leaving the d r i f t  region are focussed 
in to a monopole RF mass spectrometer and detected with a m u lt ip l ie r .
This d r i f t  tube has been used fo r  both ion m ob il i ty  and reaction studies.
3.4 Survey o f A lka l i  Ion Data
The re la t iv e  ease with which a lk a l i  ion sources can be produced 
made them among the e a r l ie s t  to be investigated and they have been 
widely studied.
The f i r s t  extensive summary of m ob il i ty  resu lts  was published in 
1938 by Tyndall and included much of the data taken by the B ris to l group. 
This group measured the m o b il i ty  o f L i+ , Na+, K+, Rb+ and Cs+ ions in He, 
Ne, Ar, Kr and Xe and considered the mass dependence of the zero f ie ld  
m o b il i ty .  They also studied the e f fe c t  of temperature and pressure on 
the m o b il i ty  of ions in He and observed the va r ia t ion  of the m ob il i ty  
with the ra t io  E/N. The resu lts  were compared with the theore tica l 
values predicted by the Langevin theory. Soon a f te r  Hoselitz (1941) 
reported the zero f ie ld  m o b il i t ie s  of L i+-He, Cs+-He, Cs+-Xe, K+-Ar and 
Rb+-Kr at seven temperatures in the range 1 OK to 500K.
In te res t in the a lk a l i  io n - in e r t  gas m o b il i t ie s  was renewed in 
the la te  1950's by Crompton and El ford (1959) who reported m ob il i ty  
data at E/N values ranging from 4 to 136 Td fo r  K+-Ne using a Bradbury- 
Nielsen system. Workers in the Electron and Ion D iffus ion Unit a t the 
Australian National Univers ity  have undertaken a series o f studies of 
the m o b il i t ies  o f a lk a l i  ions in in e r t  gases, again using the Bradbury- 
Nielsen system. Creaser (1969) studied K+ in He, Ne and Ar at room 
temperature, 275K, 196K and 80K. This work was extended by M illoy 
(1973a) to gas mixtures and to room temperature measurements fo r 
L i+-He, Ne, Ar and Cs+-He, Ne. Further resu lts  were reported by 
Elford (1971) and Elford and M il loy  (1974).
Four other main groups have reported m o b il i t ie s  of a lk a l i  ions 
in in e r t  gases. The group at the Georgia In s t i tu te  of Technology have
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carried out an extensive series of measurements a t  room temperature of 
the mobil ities of alkali  ions in many gases over a wide range of E/N 
values using the system described in section 3.3. Early resul ts  
reported were for K+ in Ar (James e t  a l .  , 1973) and in Ne and He 
(James e t  a l .  , 1975). Some of these measurements were repeated 
recently (K+-Ar) and extended to Kr and Xe (Lamm e t  a l .  , 1981).
Results for Na+ and Li+ in He, Ne and Ar were published by Akridge e t  a l .  
(1975), Rb+-Ar, Kr, Xe by Gatland, Lamm e t  a l .  (1978) Na+-Kr, Xe by 
Thackston e t  a l .  (1980b) and Li+-Ar by Gatland (1981a). The ion Cs+ 
has been extensively studied and resu l ts  have been published by th is  
group for Cs+ in He, Ne (Pope e t  a l .  , 1978) and for Ar, Kr, Xe 
(Gatland, Thackston e t  a l .  , 1978). Much of these data, especially 
those for the smaller ions, has been used by Gatland and coworkers 
in tes ts  of theoretical  potentials  and potential determination methods.
As discussed previously (section 3.1), Kaneko and coworkers have 
investigated Li+ in He and Ar using an injected ion d r i f t  tube with 
Tyndal1-Powell shut ters .  Skullerud (1973b) has studied K+-Ar using 
an arrival time d is t r ibut ion  technique (section 3.3).  The other groups 
of in te res t  have been Takebe e t  a l .  and Takata e t  a l .  , both discussed 
in section 3.3. Compilations of ion mobility data have been published 
by Ell is e t  a l .  (1976, 1978).
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CHAPTER 4 : REVIEW OF EXPERIMENTAL STUDIES OF ION CLUSTERING USING
DRIFT TUBE TECHNIQUES
4.1 Cluster ing Reactions
Cluster ing is  an exothermic ion-atom or molecule react ion in
which an atom or molecule becomes bound to an ion by the p o la r iza t io n
forces.  The c lus te r ing  react ion is  considered to proceed in two steps.
The f i r s t  step is  the formation of a metastable intermediate ion-atom 
+ *
complex (A .B) by the react ion
A
+
+ B
+ ★  
(A .B) (4.1 . la )
This complex cannot be s ta b i l i z e d  by the slow process o f  photon emission 
and a t h i r d  body is  required to remove the excess energy, i . e .
(A+ .B)
*
A+.B + M . (4.1 . lb )
The overa l l  react ion can be w r i t t e n
A+ + B + M = U  0+
'TCl
A .B + M . (4 .1 .2)
The rate o f  formation o f  s ta b i l i z e d  A .B fol lows the k in e t i c  
rate equation
d[A -B] = k , [A+] [B ] [M ]
dt 1 (4 .1 .3 )
kc [(A+ .B )* ] [M ]  .
We consider an i n i t i a l  ensemble o f  A+ ions and wish to know the number 
dens i t ies  [A+] and [ (A+ .B) ] o f  A+ and (A+ .B) respec t ive ly  a t  some 
fu tu re  t ime. The rate constant k i s  the "capture" rate constant.  I f
a
we assume every c o l l i s i o n  removes enough energy to s ta b i l i z e  the complex 
then the forward rate constant k-j is  given by
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k1
k k [M]
a L
kb +kc[M] (4.1.4)
where k^  depends on the chemical or structural properties of the 
complex.
At low pressure when k . »  k [M], i .e .  the average lifetime of I  ^ D c
(A .B) is short compared with the time between collisions and (4.1.3) 
approximates to
d[A+.B] kakc
---------- = -----  [A+][B ][M ].  (4.1.5)
dt kb
This accounts for the third order kinetics; the third order rate 
constant is proportional to the lifetime of the complex which is in 
turn a rapidly decreasing function of internal energy. As the pressure 
increases the lifetime of possible intermediate complexes becomes 
comparable in magnitude to the time between collisions with the third 
body and transitions to second order kinetics are observed. That is, 
at higher [M], k [M]»  k, and [M] disappears from the rate expression.C D  +
Under certain circumstances the intermediate may also be A .M which then 
collides with B to form A+.B. This is the "intermediate-complex" 
mechanism.
The formation of higher order ion clusters in the gas phase 
proceeds via a sequence of these association reactions:
+ ^1  +A + B + M A .B + M
k
A+.B + B + M A+.2B + M (4.1.6)
: T 2
* k
A .(n-l)B + B (+M) J k  A .nB (+M) .' n r
As has been suggested, the predominant forces resulting in the 
stabilization of small clusters about simple ions are electrostatic 
(i .e . negligible electron exchange and no covalent bonding assumed).
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Those ions isoelectronic with the noble gas structures, such as L i+, 
are included in th is  group. Ionic clusters A+.nB should become 
increasingly less stable against dissociat ion with increasing n, as 
the e le c t r ic  f ie ld s  produced at the atomic and ion ic s i tes by ion-induced 
dipoles general ly act to oppose the f i e l d  of the ion ic point charge, thus 
weakening the strongly a t t ra c t ive  po lar izat ion in teract ion.  As these 
clusters are bonded by weak po lar izat ion forces they have small binding 
energies (of the order of meV) and hence dissociat ion of clusters by 
co l l i s io n  is very probable in gases at room temperature.
In th is  work we are concerned only with the primary c luste ring 
reaction.
4.2 Review of A lka l i  Ion Studies
Many d i f fe re n t  types of d r i f t  tube have been used in the study 
of reactions. These include the Mass Spectrometer D r i f t  Tube Mass 
Spectrometer (MSDTMS), the Flow D r i f t  Tube and the Selected Io n -D r i f t  
Tube. A good summary of such experiments and associated references is 
given by Viehland (1982b). Here we w i l l  only consider those methods 
which have been used extensively fo r  studies o f  a lka l i  ions and in e r t  
gases.
4,2,1 Work o f  Munson and Tyndall
The f i r s t  d r i f t  tube c lus te r ing studies invo lv ing a lka l i  ions 
were concerned with c luste r ing with H20 vapour in the presence of an 
in e r t  gas (Munson and Tyndall , 1939) and L i+ with Xe (Munson and 
Hosel i tz, 1939). In the l a t t e r  case a second ion appeared in the 
a r r iva l  time spectrum fo r  L i+-Xe obtained in a conventional d r i f t  
tube. This second ion could not be removed by p u r i f i ca t io n  and was 
ide n t i f ied  as L i+ .Xe, the c lus ter ing reaction being shown to be a 
3-body reaction. The reverse reaction was not seen. The observation 
of an a l k a l i - i n e r t  gas c lus te r  was confirmed by a study o f  L i+ in He 
at l iqu id  H2 temperature when a l l  polar impurit ies would be frozen out. 
Munson and Hosel i tz went on to make a study of  the c luste ring of 
a lka l i  ions in in e r t  gases.
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In the work of  Munson and Tyndall (1939) a method involving a 
double l ength d r i f t  tube incorpora t i ng  two s h u t t e r s  was used to study 
r e ac t i o ns .  In t h i s  method the r eac t i on  r a t e  c o e f f i c i e n t  k fo r  the 
r eac t ion
+ k
A + B + B -> A+.B + B ( 4 .2 .1 )
i s  measured by using the d i s t ance  d x between the ion source and the 
f i r s t  s h u t t e r  as a " r eac t i on  d r i f t  l ength"  fol lowed by a much s h o r t e r  
d r i f t  d i s t ance  d2 between the two s h u t t e r s  used as an "ana lyser  d r i f t  
l ength" .  The values o f  E/N in the two d r i f t  regions are  not  n e ce s sa r i l y  
i d e n t i c a l .  An a r r i v a l  t ime spectrum is obtained using the ana lyse r  
d r i f t  region.
I f  r e ac t i ons  in the ana lyse r  region can be ignored,  the observed 
a r r i v a l  t ime spectrum co n s i s t s  of  the sum of  the two und i s t o r t ed  s e t s  of  
cu r r en t  maxima. The r a t i o  R, where
R
[A+.B]
[A+]
exp
kN2 di I 
kxNs (E/Nh)
(4 .2 .2 )
CE/N) i i s  the  E/N value in the r eac t ion  d r i f t  l eng th ,  k x i s  the 
corresponding mobi l i t y  f o r  A+ and N = [B],  i s  taken to be the r a t i o  
of  peak he ight s  f o r  cor responding c ur r e n t  maxima. Once R i s  known, 
the measurement o f  k depends only on a knowledge of  the mobi l i t y  in 
the r eac t i on  region.  This i s  obtained using s u f f i c i e n t l y  low pressures  
t h a t  no r eac t i ons  can occur .
The main advantages of  t h i s  method a r e ,  f i r s t l y ,  t h a t  t he re  is  
no ion e x t r a c t i o n  and hence mass d i sc r i mi na t i on  problems in ion sampling 
are avoided and, secondly,  t h a t  the experimental  system i s  r e l a t i v e l y  
simple and enables the  use o f  high pressures  and low tempera tures .  This 
can be impor tant  f o r  the study of  c l u s t e r i n g  r eac t i ons  wi th low re ac t i o n  
r a t e  c o e f f i c i e n t s .
The method has a number of  d i sadvantages .  The ion i d e n t i t i e s  a re  
not  determined and t he re  may be mass d i sc r i mi na t i on  e f f e c t s  in the 
t ransmiss ion of  the  s h u t t e r s .  The method is  r e s t r i c t e d  to one source 
ion and one product  ion as the ana lys i s  to obta in  R i s  complex and
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becomes more so i f  there is more than one species reacting. Likewise, 
the presence of a reverse reaction complicates the analysis, giving 
both ion peaks reactive ta i ls ,  and may necessitate use of complete 
curve f i t t ing using a d r if t  tube model or the Peak Area Method (see 
section 4.2.4). As the analyser region is short, there may be end 
effects and a resolution problem. Finally, the use of a relatively 
large (E/N)2 to ensure that no clusters form in the analyser region 
may cause dissociation of clusters, hence affecting the ratio of ion 
species and again giving ta i ls  to the peaks in the arrival time spectrum.
4.2.2 Drift Tube Models
The next quantitative work on the clustering of inert gases to 
alkali ions was a study which made use of a "drif t tube model" to analyse 
the experimental mass identified arrival time spectra and hence determine 
the forward and backward reaction rate coefficients as a function of E/N 
(Kel1 er e t  dl. , 1973).
If the mass id e n ti fie d  arrival time spectra of the various ion 
species drifting, diffusing and reacting in a d r if t  tube are noticeably 
different, chemical equilibrium has not been established. Under these
conditions, the reaction rate coefficients and the transport 
coefficients of the ions in the gas can be determined by comparing 
hypothetical arrival time profiles for the various ion species generated 
by a d r i f t  tube model with those measured experimentally with a DTMS.
The desired rate and transport coefficients are generally included as 
adjustable parameters in a d r i f t  tube model and a set of parameters is 
sought which results in the best comparison of experimental and 
theoretical spectra for both source and cluster ions at a given E/N 
and a number of pressures.
Both analytical and numerical models have been used in clustering 
studies. In the development of the analytical models, analytical 
solutions to the transport equations under given boundary conditions in 
a d r i f t  tube are determined. The analytical model of Gatland 0974) 
used a Green's function "sum over histories" solution of the equations 
controlling the ion swarms, this solution being developed as a series 
expansion in the reaction rates coupling the ion swarms. Init ia l ly  the
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model provided solutions for swarms of one or two ion species but was 
later extended to three reacting species (Gatland e t  al. , 1975). The 
only assumptions explicitly made by the theory are that the electric 
field, the gas number density and the gas temperature are constant and 
uniform but, in effect, this imposes an axially symmetric geometry.
The d r if t  tube has two end plates, one containing the source and one the 
detector, and is assumed to have an infinite radius. The detector is 
assumed to be a transmitting pinhole and the function describing the 
source is taken to be a 6-function axially and a uniform distribution 
of specified width perpendicular to the axis.
A second analytical d r if t  tube model, due to Woo and Whealton 
(1969), is based on a solution of the transport equations for the case 
of two ions with one depleting reaction. In this model the source is 
assumed to have a uniform axial shape of specified width and radially 
is either a Bessel function with the diameter of the d r if t  tube or a 
uniform distribution with width less than or equal to this diameter.
The walls are of finite radius and perfectly absorbing while the detector 
is taken to be a circular, transmitting aperture.
In contrast, a numerical model involves the simulation of the 
actual transi t  of the ions in a d r i f t  tube. A computer program follows 
the progress of the ion swarms as they dr if t ,  diffuse and interconvert 
with time. After several hundred small time steps the ions have travelled 
the length of the dr if t  tube and the corresponding currents are calculated 
as the number density distributions travel to the end of the d r if t  tube. 
The 3-dimensional model of Kregel as used by Keller e t  al .  (1973) allows 
for at most three ions with six possible interconverting reactions 
although i t  could be made to handle any number. In this work the 
source function was chosen to be a Gaussian of specified widths both 
axially and radially, the d r if t  tube to be infinite in diameter and 
the detector to be a transmitting pinhole. In principle, a numerical 
model can handle different source conditions and boundary conditions 
and to study special effects.
Each of these models allows the diffusion coefficients Dy and 
to be independent and hence are not limited to low E/N values, but their
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usefulness may be limited by complications arising in the comparison 
of the theoretical and experimental spectra. To analyse experimental 
spectra, the characteristies of the detection system must be taken into 
account by the model. The source strength and detector efficiencies 
are not known but, as these do not affect the shape of the spectra, these 
can be treated as normalization factors. The channel width At of the 
detector and the time delay in recording each event are not known. The 
time delay can be varied to give the best f i t .
4.2,3 Current Ratios Method
The equilibrium constant for the reaction (4.1.2) is defined 
as
This relation has been used to determine by assuming
' BJ = Ift+.B
[A+] '  IA+
where I^+  ^ and I^+ are the currents due to the ions A+.B and A+ 
measured at the output of a DTMS.
Thomson e t  al. (1973) made estimates of the ratio of the 
equilibrium constants for the K+- N2 and K+- CO systems by comparing 
the ratio of the clustered to unclustered ion currents in each gas.
These workers were aware of the problems of mass discrimination in the 
sampling and assumed that the equality of the masses of the K .N2 and 
K+.C0 clusters ensured that they were detected with equal sensitivity. 
The earl ier  work of Keller and Beyer (1971) had neglected the mass 
discrimination effects and had made estimates of clustering reaction 
rate coefficients from the ratio of ion currents measured at the output 
of mass spectrometer. Colonna-Romano and Keller (1976) made an estimate 
of the equilibrium constant for the clustering of He to Li+ by this 
method. The problems of mass discrimination have been studied and will 
be discussed in Chapter 8.
[A+.B]
[A+]
(4.2.3)
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4.2.4 Peak Area Method
A method which enables clustering reaction rate coefficients to 
be determined from arrival time data obtained with a conventional d r i f t  
tube is the "Peak Area" or "tsureko" method developed by Takebe and 
coworkers (Takebe e t  al.  1979, 1980a, 1981). This method relies upon 
the extraction of an isolated arrival time spectrum for the cluster 
ions from the composite spectrum for both parent and cluster ions.
The experimental conditions in the dr if t  tube are such that the reaction 
has not gone to equilibrium. The work of Takebe will be discussed here 
since this method, with some modifications, is the one used in the 
present study of ion clustering of Li+ions and He atoms.
Takebe and coworkers use a conventional dr if t  tube (described 
in Chapter 3) with a relatively long distance between the extractor 
plate and the f i r s t  shutter which is exploited in the study of 
clustering reactions by varying the E/N in this region. They thus 
altered both the transit  time of the ions in the region and the 
clustering rate coefficient and hence the abundance of cluster ions 
at the f i r s t  shutter.
When clustering reactions occur, the arrival time spectrum f-j- 
may become significantly distorted (Figure 4.1) and can be regarded 
as the sum of three spectra;
(a) that for the parent ions which did not react in the 
dr if t  region (f )
(b) that for ions which reacted during their passage through 
the dr if t  region (f )
and
(c) that for clusters which were formed before the f i r s t  
shutter and did not react in the d r if t  region (f }.
The cluster ions have a smaller mobility than the parent ions 
and arrive at a later time. Ions which spent part of the passage as 
clusters and part as parent ions arrive at intermediate times.
55
Arrival Time
Ficj* 4.1. The composition of an ATS distorted by the presence of
c lu s t e r s . 
fT : total  spectrum
f p : parent ion peak
f c : c lus te r  ion peak
f r : reactant  plateau
Any difference between the measured arrival time spectrum and 
the profile that would correspond to the arrival of the parent ions 
if  they were non-reactive, which Takebe e t  al .  (1980) represented by
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I exp (z- vdrt ) 2 j 
4 D|| t  j
(4.2.4)
arises from ions which travel all or part of the dr if t  region as a 
cluster ion. This is independent of the identity of the ion species 
at the moment the arrival time spectrum is obtained.
The forward reaction rate coefficient is deduced from the ratio 
of the area under the cluster ion peak f to the total area under the 
arrival time spectrum for a spectrum taken under conditions where no 
ions, or a negligible number, cluster before the f i r s t  shutter (Fig. 4.2). 
The area of the cluster ion peak f is determined by subtracting the area 
of a f i t ted parent ion profile f from the total area.
a
The analytical peak f , which represents the contribution from 
ions which do not react, is obtained by assuming that the peak height 
of this peak is equivalent to that of the parent ion peak in the composite 
spectrum. The width is estimated from twice the half width at half 
maximum of the composite parent ion peak on the shorter arrival time 
side.
If the reaction is assumed to be
A+ +  B +  B A + . B  +  B (4.2.5)
+  Pand we represent by [A ] the number density of the parent ions that
t +have travelled for a time t entirely as A then
d[A+]P
dt
-  k 1 [ A + f  N 2 . (4.2.6)
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/
A rr iva l Time
Fig. 4.2: The composition o f an ATS where a neg lig ib le  number
of ions c lus te r before the f i r s t  shutter.
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This equation has the solution
[A+]^ = [A+]^ exp{-k1N2t> (4.2.7)
where is the init ial number density of the parent ions.
The ratio of the area of the peak f to the area of the total 
spectrum is assumed to be proportional to the ratio of the number 
density of ions which have travelled the entire dr if t  length as the 
parent ion species to the total ion density.
Hence the forward rate coefficient for clustering is given by
1 area(f )
ki = -----  In -------- —
H\  area(fa)
(4.2.8)
where t  = ----  is the time taken for parent ions to travel the dr if t
m vdr 
distance d.
Information about the mobility and diffusion coefficient of the 
cluster ion, the rate coefficient k  ^ and coefficients for further 
clustering can be found from analysis of an isolated cluster ion peak. 
Such a peak can be obtained by subtracting two composite spectra taken 
under identical conditions in the d r i f t  tube but with very different 
E/N values in the ion source. One of these spectra is taken with a 
low E/N value in the source region Cfi in Fig. 4.3), introducing a 
high proportion of clusters into the dr if t  region, and one with a 
high source E/N ( f2), allowing a small fraction of clusters into the 
dr if t  region. Hence any differences in the arrival time spectra are 
due to cluster ions alone. The two spectra are normalized to the 
same parent ion peak height and then subtracted, the resultant spectrum 
being that for cluster ions.
The position of the peak gives the mobility, the half width the 
diffusion coefficient while the rate coefficients are obtained from 
deviations of the peak shape from a Gaussian in a similar method 
described above to determine ki.
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Fig. 4.3: Arrival time spectra taken with low E/N ( f j )  and high
E/N (f 2) in the ion source showing the isolated cluster 
ion peak.
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The peak area method assumes tha t the to ta l ion current is 
conserved and that the ra t io  o f ion number densities is  proportional 
to the ra t io  o f peak areas in the ATS. I t  is  also assumed that there 
is  no mass discrim ination at the shutters.
Takebe and coworkers have used th is  technique to study the 
c luste ring  of N2 and noble gases to L i+ (Takebe e t  a l .  , 1979, 1980a) 
and H20 to K+ in the presence o f a N2 buffer (1979).
4.3 The Rate C oe ff ic ien t as a Function o f Mean Ion Energy
Although the rate c o e ff ic ie n ts ,  l ik e  other transport co e ff ic ie n ts ,  
are formally a function o f E/N i t  is  often more useful to express them as 
a function of the mean ion energy e. The rate coe ff ic ien ts  are re lated 
to the microscopic behaviour o f the ions by
where the f ' s  represent the ve lo c ity  d is tr ib u t io n s  o f the ions and 
reactant gas molecules and is  the reaction cross section.
The mean energy o f the ion swarms is usually taken to be given 
by the Wannier re la tionsh ip  (2 .5 .2 ). Use of Wannier's simple expression 
has been ju s t i f ie d  by the work o f Skullerud (1973a) on Monte Carlo 
simulations of the d r i f t  motion o f ions and of Viehland e t  a l .  (1974) 
working with the Boltzmann equation. I t  was shown tha t the Wannier 
re la t io n  generally gives resu lts  that are accurate to w ith in  10%. I t  
has been suggested (A lb r i t to n ,  1978) tha t use o f the experimental d r i f t  
ve loc ity  as input fo r  the Wannier re la t io n ,  which is  the usual approach, 
corrects fo r  almost a l l  o f the defic iencies in the polarization-model 
framework o f the Wannier treatment. In th is  thesis the Wannier re la t io n  
w i l l  be used to determine the mean centre o f mass energies fo r  the 
c luste ring  reactions.
★
Note that i t  has been assumed tha t the d is t r ib u t io n  function is not 
affected by the presence of reactions.
q f • ( v .) f  (v ) dv. dv y i -V  r - r '  - i  - r (4.3.1)
O
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CHAPTER 5: APPARATUS AND EXPERIMENTAL METHODS
The d r i f t  tube-mass spect rometer  used in t h i s  study was cons t ruc ted  
by El ford ,  Creaser  and Milloy and has been descr ibed in d e t a i l  by Creaser 
(1969) and Milloy (1973).  Br i e f  desc r i p t i ons  have been given by El ford 
and Milloy (1974) and in the book by McDaniel and Mason (1973).  Because 
of  the informat ion a l r eady  a v a i l ab l e  only a b r i e f  de sc r i p t i on  of  the 
apparatus  wi l l  be given here.  However, experimental  problems which 
arose  in the p resen t  work and t h e i r  so lu t i on  wi l l  be descr ibed in g rea t e r  
d e t a i l .
5 .1 General Descr ip t ion of  D r i f t  Tube Mass Spectrometer  Apparatus
This d r i f t  tube mass spect rometer  i s  shown schemat ica l ly  in 
Fig. 5.1.  The system c on s i s t s  of  three  sec t i ons :  the d r i f t  s e c t i on ,
the t r a n s i t i o n  sec t i on  and the ana lyse r  s ec t i on .  The d r i f t  s ec t ion  
cons i s t s  of  an ion source and an e l ec t r ode  system with three  Bradbury- 
Nielsen s h u t t e r s .  The ions e n t e r  the d r i f t  space through a c i r c u l a r  
ape r t u re  a t  the top of  the e l ec t rode  system and d r i f t  and d i f f u se  in 
a cons t an t  uniform e l e c t r i c  f i e l d  to the e x i t  p l a t e .  A f r a c t i o n  of  the 
ion cu r r en t  passes through a small axial  hole in to  the t r a n s i t i o n  region 
and i s  focussed in to  the mass s pec t r o me te r .
The t h r ee  e l e c t r i c a l  s h u t t e r s  SI ,  S2, S3 a re  used to def ine  the 
ends of  two d r i f t  regions  SI-S2 and S2-S3 for  the purpose of  measuring 
an a r r i v a l  t ime spectrum and hence the  d r i f t  v e loc i ty  o f  the ions .
Sine waves a r e  appl i ed  to the s h u t t e r s ,  the mean p o t e n t i a l s  being those 
corresponding to a uniform e l e c t r i c  f i e l d  in the d r i f t  reg ion .  The ion 
cu r r en t  i s  normally measured a t  the e x i t  p l a t e  and the ion d r i f t  
v e l o c i t i e s  determined from the  f r equencies  a t  which the  maxima in the 
ion cur r en t  f requency p l o t  or  Arrival  Time Spectrum (ATS) occur 
(Chapter 4) .
The system was designed for  use with very high pu r i t y  gases and 
was cons t ructed  to UHV s p e c i f i c a t i o n s .  The t r a n s i t i o n  and ana lyse r  
sec t i ons  are pumped by 6" and 4" oi l  d i f f us i on  pumps r e s p e c t i v e l y ,  each 
t rapped by a Granvi l1e - Ph i 11ips Cryosorb l i q u id  ni t rogen t r a p .  Base
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Dewar
Source
Exit  P la te
mass
spectromete r
Mul t i p i i e r
Fig. 5 .1 :  The d r i f t  tube mass spectromete r
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pressures of 2x10 9 Torr were achieved routinely in the analyser 
section without baking.
All gases used were Matheson Research Grade and were admitted 
from high pressure cylinders attached via a Matheson UPT regulator to 
a Granvi 11 e-Phil 1 ips UHV variable leak valve.
Details of each of the sections are given in the following 
sections.
5.1.1 The Drift section
The electric field in the dr if t  region is established and held 
uniform by "thick guard ring" electrodes (Crompton e t  al. , 1965) at 
potentials appropriate to their position in the electrode system.
Errors due to contact potential differences were reduced by coating 
the shutter wires with gold. All other surfaces exposed to the ion 
stream are also gold coated.
The electrode potentials were supplied by a high voltage power 
supply (Fluke model 412B) and a precision voltage divider. The potential 
of all electrodes was within 0.06% of the values appropriate to their 
geometrical position in the electrode system. The potential difference 
between the planes of the shutters was measured with a Fluke model 893A 
differential voltmeter with an error of less than 0.02%. The determina­
tion of the electric field strength E from the voltage and dr if t  distance 
is estimated to be in error by less than 0.2%.
The entire dr if t  region is surrounded by a dewar which may be 
fi l led with water for room temperature measurements to reduce the 
effects of temperature fluctuations and with liquid nitrogen or other 
low boiling point fluids for measurements at low temperatures. Although 
the liquid nitrogen level can be maintained automatically the level was 
generally controlled manually during measurements to prevent currents 
of cold air  (created while the jacket was being filled) flowing in the 
region of the thermocouple leads and causing instabil i t ies in their 
readings.
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Each shutter consists of a grid of coplanar nichrome wire,
0.008cm in diameter and spaced 0.04cm apart, the diameter of the shutter 
aperture being 3.2cm. The shutters are made by the method described by 
Crompton et  al.  (1968). Alternate wires are connected together by spot 
welding to constantan wire leads and the wires are vacuum coated, 
f i rs t ly  with copper for improved adhesion and then with gold to reduce 
contact potential differences between the shutters. The d r if t  distance 
is taken to be the distance between the central plane of each shutter.
The total error in the determination of the dr if t  distance is estimated 
to be less than 0.1%.
The alkali ions were produced by thermionic emission from a bead 
of an appropriate alumino-si 1icate heated by a tungsten coil (Blewett 
and Jones, 1936). The sources were prepared by f i r s t  coating a handwound 
tungsten coil with a paste of ground alumino-si 1icate and water and then 
flashing in vacuum to melt the coating into a glass bead.
Four filaments were mounted adjacent to each other in the 
apparatus for most of the experiments. This arrangement had the 
following advantages:
(a) The ion source could be changed from Li+ to K+ without 
lett ing the system up to atmospheric pressure and the 
downtime due to the burnout of filaments was 
considerably reduced.
(b) The quadrupole mass spectrometer could be calibrated by 
comparing the peak positions of ions of different masses 
and resolution adjustments made.
A schematic diagram of the source is shown in Figure 5.2. The 
cylindrical electrode, the filament, the central vane and the radiation 
shield are electrically isolated and potential differences can be 
applied between them to give good transmission of the ions to the 
dr if t  region.
Usually three lithium and one potassium filaments were used.
In the early stages of operation the lithium filaments emitted only 
K+ ions and could be used as K+ sources. These potassium ions (and
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Fig. 5.2: Schematic of the four-filament 
ion source.
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to a lesser extent sodium ions) were impurities in the tungsten and 
could be driven off by increasing the operating temperature of the 
filament. Once the tungsten coil of a source had lost i ts  impurity 
ions, the emission was generally stable until near the end of the 
filament lifetime. Potassium ions are emitted at lower filament 
temperatures than lithium ions and hence the K+ sources generally 
had longer lifetimes, often of many months.
The magnitude of the thermal gradients caused by the heat flow 
from the source is reduced by surrounding the source with a cylindrical 
copper can closely f it ted to the support stem. For operation at 80K 
this glass filament stem was fi l led with liquid nitrogen. A radiation 
shield which is closely linked thermally to the dewar also helps 
reduce heat flow into the drif t  tube.
The temperature of the gas in the dr if t  region was measured 
by two calibrated copper-constantan thermocouples, one attached to 
the electrode above the top shutter and one to the electrode below 
the lowest shutter. The thermocouple e.m.f. 's were measured using 
a Leeds and Northrupp 7553-5 Type K-3 Universal potentiometer. The 
temperature measured with each thermocouple is considered to be in 
error by less than 0.1K. No results were taken when the difference 
between the thermocouple temperatures exceeded 0.5K and hence the 
maximum error in the temperature measurement is 0.25K or 0.1% at room 
temperature. The error at  80K was limited by the poor thermal coupling 
between the gas and the electrodes. Although the thermocouples measured 
the mounting electrode temperatures accurately, poor thermal contact 
with the gas increased the error in the measurement of the gas temperature 
to 1%.
In this work the gas number densities were sufficiently low 
that the perfect gas law could be used to calculate the gas number 
density from the gas temperature and pressure. Measurements were 
taken over the gas pressure range 0.5 to 3.1 Torr, the pressure in 
the drift  region being measured by a capacitance manometer. Originally 
a single capacitance manometer (MKS Baratron head type 90H-3E, indicator 
type 90M) with a maximum pressure differential of 3 Torr was used to 
measure and control the pressure in the drif t  region. A Granvil1 e-Phil 1ips
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Automatic Pressure Contro ller (model 213) linked to a servo contro lled 
variable leak valve was used to balance the inflow o f gas against the 
loss o f gas through the hold in the e x i t  p la te , the pressure being kept 
stable to w ith in  2 x l 0 -4 Torr at a l l  the pressures used. The control 
signal was supplied by the Baratron gauge operating in the null mode.
In s ta b i l i t ie s  in the MKS 90M capacitance manometer led to the 
addition to the system of a second capacitance manometer (MKS Baratron 
head type 94AH, ind ica to r type 170M) with a 0-10 Torr head. In subsequent 
experiments the 170M capacitance manometer was used to measure the 
pressure while the 90M un it  was used fo r  pressure con tro l. Both gauges 
were ca lib ra ted by a double deadweight primary pressure standard 
incorporating two Consolidated Electrodynamics Corporation type 6201 
p is ton-cy linder combinations (Gascoigne, 1972). The error in the 
pressure measurement using the 170M capacitance manometer is  estimated 
to be less than 0.1% at a l l  pressures used.
In the measurement o f an a rr iva l time spectrum the ion current 
was generally monitored a t the e x i t  p late o f the d r i f t  region using a 
Keithley Model 610C electrometer. The e x it  plate is insulated from 
i t s  support a t the lower end o f the cooling dewar.
5.1.2 Transition and Analyser Sections
The mass analysis region enables the ions in the d r i f t  tube 
to be p o s it iv e ly  id e n t i f ie d .  A small fra c t ion  o f the ions passes 
through a kn ife  edged sampling aperture (0.2mm in diameter) cen tra l ly  
located in the e x i t  plate and enter the tra n s it io n  region. The ions 
are then focussed by an einzel lens in to  a quadrupole mass spectrometer.
The quadrupole rod assembly consists o f four pa ra lle l rods 
arranged on the corners o f a square o f side 1.84cm. The rods are 
15.0cm long and 0.792cm in diameter.
The potentia ls  to the rods were i n i t i a l l y  supplied by an EAI 
Quad 150A power supply and subsequently by a UTI 100C supply. The 
ions selected by the quadrupole mass spectrometer were detected by 
an electron m u lt ip l ie r  operated in e ithe r DC or pulse counting mode.
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The posi t ion o f  the analyser section may be moved both la te ra l l y  
and a x ia l l y  to optimize the t ra ns i t ion  of ions from the d r i f t  region 
to the mass spectrometer. The possible la te ra l  movement is ±5mm from 
the optical  axis and there is an allowed axial movement of 10mm.
The potentia ls  fo r  the dynodes o f  the 17 stage beryl l ium-copper 
electron m u l t ip l ie r  (9643/4B) were supplied by a Fluke type 408B power 
supply and a voltage d iv ider o f  2Mf> Pyrofi lm resis tors  mounted between 
the dynodes inside the vacuum system. The leads to the las t  three 
dynodes are brought out through separate leadthroughs to enable capacitors 
to be placed across the voltage d iv ider resistors in the la s t  three 
stages. This technique prevents the voltage across these res is tors  
(and hence the gain) dropping should the current pulse in the las t  
few stages of  the m u l t ip l ie r  become too large.
When using the DC mode, the output of the electron m u l t ip l i e r  
was measured with a Keithley model 602 electrometer.
In the pulse counting mode the output o f  the m u l t ip l ie r  is 
fed to a preampl i f ier with a gain of  10 and then to a pulse-shaping 
ampl i f ie r  and a Single Channel Analyser which discriminated against 
small noise pulses. The output log ic  pulses are fed to a 5-decade 
counter. This counter has a BCD output which enables the counter to 
be interfaced with a computer (section 5.3).
5.2 Experimental Problems
Several experimental problems were encountered during th is  work. 
The more important of these are now discussed.
5.2.1 Unstable Ion Emission from the Filament
I n i t i a l  d r i f t  ve loc i ty  measurements of a lka l i  ions in rare gases 
were hampered by severe noise in the output o f  the electron m u l t ip l ie r .  
A pulse height analysis of  the output indicated that th is  noise 
consisted of a small number o f  large pulses occurring at random.
As the ion current col lected on the ex i t  plate of  the d r i f t  
region was free of such noise, i t  was o r ig in a l l y  assumed that the
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noise was introduced below the exit plate and most probably by the 
electron multiplier. However, a number of tests performed to check 
this conclusion proved to be negative. I t  was shown that when the 
ion current was collected on a large cathode i t  appeared steady and 
that the noise only appeared when the collector had a small area.
I t  was therefore concluded that the current was not spatially uniform. 
Consequently, when using a large area collector, the same fluctuation 
in the current was now superimposed on a larger total current thus 
increasing the signal to noise ratio.
The noise problem is believed to be due to "ion pulsing" from 
the tungsten filament (Gear, 1976). Winters e t  al .  (1963) showed that 
pulses of both ions and atoms may be emitted from tungsten from 
localised concentrations of impurities. These concentrations occur 
at defects and grain boundaries in the crystal structure and ions 
become thermally emitted when such concentrations are uncovered by 
the removal of tungsten or tungsten oxide.
Thi s phenomenon can be greatly reduced by correctly ageing the 
tungsten filament before coating. I t  is necessary to operate the 
filament at low temperatures for a long period of time to reduce the 
emission of these ion pulses. Short-term, high temperature "flashing" 
has l i t t l e  influence on the effect (Lindemann and van der Ziel, 1957).
As a result of the investigation, the method of preparing a 
coated filament ion source was modified and the bare filaments aged 
at  low temperatures (bright red heat) until the emission current had 
fallen by two orders of magnitude. Following problems with short 
filament lifetimes, i t  was found necessary to keep this conditioning 
time as short as possible and also to reduce the amount of water vapour 
in the conditioning unit to limit the removal of tungsten from the 
filament by the tungsten-water cycle. After ageing, the filament was 
coated by the method described previously. Coated filaments produced 
by this procedure give emission currents free of the type of noise 
described above.
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5 . 2 . 2  A rr iva l Time Spectra D is tort ion
A typ ica l a rr iva l time spectrum taken under good experimental 
conditions is shown in Figure 5.3 (K+ in 3 Torr o f He, E/N = 6 Td,
T = 294K and d = 9 .05cm). The peaks are sharp, symmetric and evenly 
spaced.
There are several factors which can cause d is to r t io n  in the 
peaks o f the a r r iv a l time spectra. As such d is to r t io n  can introduce 
errors in the d r i f t  ve loc ity  measurements, the influence o f these 
factors must be monitored and reduced as much as possible. These 
factors are
(a) va r ia t ion  in the amplitude o f the gating signal
The transmission of the shutter is very sensitive  to the 
amplitude o f the gating signal and hence small changes 
in th is  amplitude with changing frequency can d is to r t  
peak. The amplitude o f the signal was monitored to 
check fo r  such changes.
(b) peak overlap
I f  the signal amplitude is too low, the resolution may 
be such that peaks of various orders may overlap, causing 
the peak maximum of the f i r s t  peak to be displaced to a 
higher frequency. The frequency of the maximum o f the 
second peak is  displaced by a small amount, the low and 
high frequency sides both being influenced by neighbouring 
peaks. As the peak number is fu r the r increased the 
disagreement between the values o f fj_ measured from 
adjacent peaks decreases due to the increasing reso lu tion 
but an asymptotic value o f f j  must be obtained fo r  the 
d r i f t  ve loc ity  to be accurately determined.
(c) presence o f more than one ion species
The peaks may be d is to rted  i f  more than one ion species 
is  present. This can occur i f  the ions o f in te res t react 
with the gas atoms or i f  more than one ion species is emitted
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Fig. 5.3:  ATS fo r  K+ in 3 Torr  of  He, E/N = 6 Td,
T = 294 K and d = 9.05 cm.
All data point s  l i e  wi thin the th ickness  
of  the l i n e s .
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from the source. The d is to r t ion  o f  the peaks becomes 
evident as the peak resolut ion increases with peak 
number.
To ensure that there were no s ig n i f ica n t  errors from ef fects  (b) 
and (c) ,  the frequency f j  was always determined from at least two peaks, 
general ly the second and th i rd .  Under reasonable experimental conditions 
the higher order peaks general ly agreed to w i th in  0.1% while the f i r s t  
peak gave a value of  f i  which was low. An example of  the peak agreement 
obtained is  shown in Table 5-1. The data re fe r  to L i+ ions in He at 
3.1 Torr and 294K. The peak-to-peak amplitudes of the sine-wave signal 
applied to the shutters were 9, 12 and 15 V fo r  the E/N values 10, 12 
and 15 Td respectively.
TABLE 5-1
f  i (Hz) fo r  E/N
Peak Number 10 Td 12 Td 15 Td
1 3510.0 4307.0 5630
2 3515.6 4313.1 5635
3 3515.8 4313.7 5634
Results are also shown below fo r  K+ in 3.1 Torr of He at 7 Td 
and 294K and a 9cm d r i f t  distance. In th is  case the agreement between 
the frequency f l of  the f i r s t  four peaks is  good (Table 5-2).
The independence of the results on shutter signal amplitude 
implies that the shutter signal causes negl ig ib le  d is to r t ion  of  the 
e le c t r ic  f i e l d  in the d r i f t  region and that there are no end effects 
due to "heating" of  the ion swarm by the high f ie ld s  in the v i c i n i t y  
of the shutter wires. Furthermore, since the "open time" of  the shutters
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TABLE 5-2
Peak number fi(Hz)
1 2207
2 2205
3 2206
4 2206
depends on the shutter signal amplitude, i t  can be assumed that the 
experimental conditions are such that the results are being taken on 
the plateau of the frequency against open time curve. This test was 
performed as a standard check and typical results showing the value of 
f i  to be independent of shutter signal amplitude are shown in Fig. 5.4. 
The experimental conditions were the same as above for K+ in He.
Another standard test was to look fo r any dependence of f i  on the 
e lec tric  f ie ld  above the entrance electrode to ensure that the velocity 
d istribu tion of the ions had equilibrated with that appropriate to the 
chosen E/N value before reaching the f i r s t  shutter.
Before continuing this discussion i t  is useful to define a 
"cu t-o ff curve" which represents the transmission characteristics of 
a shutter. In such a cu t-o ff curve the transmitted fraction of the 
ion current incident on a shutter is given as a function of the DC 
potential difference applied between adjacent wires. The cu t-o ff 
curves for a given shutter vary with the incident ion, the gas, the 
gas number density and the value of E/N.
The cu t-o ff curve can give an indication of the condition of 
the shutter wires, the presence of contamination, and anomalous 
surface effects or wiring fau lts . A typical cu t-o ff curve is shown 
in curve a of Figure 5.5 while curve b shows the curve for a shutter 
in which a broken lead has been simulated (one set of shutter wires 
has no applied potentia l).
22.02
2 4 6
J
8
Peak-to-peak Voltage
Fig. 5.4: Peak frequency against shutter voltage.
Transmitted
DC Voltage
Fig. 5.5: Typical cu t-o ff curves for a) a good shutter
and b) a shutter with a broken wire.
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(d) the "Beam" Effect
Under conditions where the ions make few collis ions in 
the region of the shutter they may pa rt ia l ly  lose the ir 
swarm characteristics and behave as a beam of ions in a 
vacuum. The form of the equipotentials and hence electric 
f ie ld  in the region close to the shutter wires was studied 
by Elford (1957). The "beam" effect is i l lus tra ted  
schematically in Figure 5.6 where the trajectories of 
two positive ions are shown together with the equipotential 
surfaces in the region of the shutter. I t  is assumed that 
in the few ( i f  any) collisions made by the ions in the 
v ic in ity  of the shutter the scattering is dominantly in 
the forward direction. The ions incident on sections 
labelled A are attracted towards and collected by a 
shutter wire at a potential which is negative with 
respect to the mean potential in the shutter plane 
while ions incident on sections labelled B are transmitted 
by the shutter.
The cut-o ff curves w il l  therefore have two contributing
parts
( i )  a very sharp peak corresponding to that portion 
of the ion stream incident on sections A
( i i )  a broad, almost f la t  contribution arising from 
ions which are incident on sections B and are 
transmitted. I f  the DC f ie ld  applied between 
adjacent shutter-wires is large enough these 
ions w ill also be captured.
A typical cut-o ff curve exhibiting "beam" characteristics 
is shown in Fig. 5.7. The contributions to the cut-o ff 
curves are shown schematically by the broken lines.
At low values of the applied d r i f t  f ie ld ,  the 
equipotential surfaces extend further up the d r i f t  
tube and the ions are focussed more effectively into
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Fig. 5.6: Equipotentials in the region of  a Bradbury-Nielsen
shutter .
Fig. 5.7: Contributions to the c u t -o f f  curve from ions incident
on regions A (curve a) and B (curve b) o f  Fig. 5.6.
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the regions A. As the e le c t r i c  f i e l d  is increased the 
f i e l d  penetration is decreased, the ions are not 
focussed and the c u t -o f f  curves become broader. Fig. 5.8a 
shows the change in the background current level 
(normalized to the peak current leve l)  as a function of 
peak to peak shutter voltage fo r  L i+ in 1 Torr of  He and 
the 9cm d r i f t  distance. Fig. 5.8b demonstrates the e f fec t  
o f  changing the gas pressure on the background current fo r  
K+ in He at an E/N value of  15 Td and shutter voltage of 
15 V peak-to-peak.
Cut-off  curves are shown fo r  ions K+ and L i+ (curves 
a and b respective ly) in 1 Torr of  He at 6 Td (Figure 5.9a). 
Figure 5.9b shows c u t -o f f  curves fo r  K+ in He (curve a) and 
Ar (curve b) at 1 Torr and 6 Td. The curve is narrower fo r  
the case where the ion mobi l i ty  is  smaller, i . e .  the ion 
spends more time in the region o f  the shutter.
In Figure 5.10 the e f fec t  of varying E/N is i l l u s t r a te d .  
The curves fo r  L i+ in 1 Torr He are plo tted fo r  E/N values 
of  6, 10 and 25 Td. As the E/N value and hence the d r i f t  
ve loc i ty  of the ions increases, the e f f ic iency  of the 
shutter is  reduced. The curves develop broad wings as 
the E/N value increases.
As the gas pressure is  increased at a given E/N value, 
the ions undergo more scattering co l l i s ion s  and thus the 
focussing e f fec t  into regions A is reduced. Hence the 
c u t -o f f  curves are broader near the peak and the wings 
are reduced (Figure 5.11) as the s i tua t ion  changes from 
that of an ion beam to a d i f fus ing  swarm.
The effects discussed in points (a) to (d) are based on perfect 
shutter behaviour. In pract ice a number of anomalous effects  ar ise 
from non-ideal shutter cha rac te r is t ics . These are as l i s te d  below.
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1 Torr.Background I
Maximum I
Fig. 5.8a): Effect of shutter voltage on background current level.
15 Td.Background I
Maximum I
p(Torr)
Fig. 5.8b): Effect of pressure on background current level.
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V
Fig. 5.9a): Variation of cut-off curve with ion species: curves are
for (a) K+-He and (b) Li+-He.
Fig. 5.9b): Variation of cut-off curve with gas. Curves are for
(a) K+-He and (b) K+-Ar.
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Li -He Torr.
V
Fig. 5.10: Variation of cut-off-curve with E/N.
Li -He 25 Td.
1 Torr
V
Fig. 5.11: Variation of cut-off-curve with gas pressure.
81
(e) the upcurving phenomena; low levels o f shutter 
contamination.
When the e le c t r ic  f ie ld  in the d r i f t  region is  small 
( i . e .  at low pressures and values of E/N) i t  is  sometimes 
found tha t the curves o f measured m ob il i ty  as a function 
of E/N do not, as expected, approach a constant value as 
E/N decreases but begin to increase. The measured m ob il i ty  
also becomes pressure dependent. This has been found by 
Elford and M il loy  (1974) to be caused by the de te r io ra t ion  
o f the shutters due to the deposition of an insu la t ing  
layer on the shutter wires (e.g. polymerised hydrocarbons) 
which become charged by the inc ident ion f lu x .  This may 
occur even when the c u t -o f f  curves do not show any anomalous 
features, although i t  is  eventually re flec ted in a broadening 
of the curves.
( f )  background current; high level o f contamination
The ion current maxima may become skewed due to the 
presence o f a current which increases with frequency.
This background current is cuased by the in e f f ic ie n t  
operation o f the shutters when severely contaminated 
by charged surface layers. Fig. 5.12 shows the f ra c t io n  
o f the peak height and i t s  associated mean frequency fo r 
the th ird  peak o f K+ in 1 Torr o f He a t 8 Td and two 
peak-to-peak shutter voltages.
The peaks in the a r r iva l time spectrum may be skewed 
even when tests have shown that there is only one ion 
species present and the c u t -o f f  curves appear sa t is fa c to ry . 
(Severe skewness can, however, be re lated to poor c u t -o f f  
curves.) This skewness is  often assocated with a high 
background level in the a r r iva l time spectrum and is  seen 
in a l l  peaks. Extrapolation to the peak o f the current 
against frequency curves gave values of f i  tha t agreed 
with those fo r  other peaks in the ATS except when the 
skewness was severe. The amount o f c u t -o f f  curve broadening
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I
Peak
8 Td.
4.2 V
2.5402.520 2.530
f , ( k H z )
Fig.  5.12: Current  le ve l  aga ins t  mean frequency f o r  skewed
peak in ATS.
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depends on the cumulative ion current incident on the 
shutter over the total experimental time since the last 
regild. Since the shutter closest to the ion source 
collects about 98% of the total ion current the charged 
layer effect is expected to be greater for this shutter 
than for the other two. This was confirmed. The cut-off 
curve for the top shutter was found to broaden by as much 
as 140%.
The degradation of the shutter may become so severe 
that the cut-off curve may broaden significantly during 
the time needed to record the data. In an extreme case 
the curve for a shutter under the above conditions was 
seen to broaden by 50% over 30 seconds running time.
Figure 5.13 compares the cut-off curve taken after 
the shutter concerned had just been cleaned and regilded 
(curve a) with one for a degraded shutter (curve b).
Curve a is symmetrical and narrow while curve b is 
asymmetrical, broad and has large wings indicating that 
under normal operating conditions the shutter cannot 
effectively produce well defined pulses of ion current. 
These curves are for K+ in He at 6 Td and 1 Torr.
The cut-off curves for the three shutters were checked after 
each assembly and bake of the apparatus and periodically throughout 
the measurements to monitor the general behaviour and effectiveness 
of the shutters.
5.2.3 Other Experimental Checks
The purity of the gas samples was checked regularly by taking 
a mass scan of the ions leaving the d r if t  region. The molecules of 
the common contaminants are generally polar and tend to cluster 
readily to the alkali ions in the expanding je t  of gas leaving the 
exit hole. A mass scan taken for a contaminated gas sample is shown 
in Fig. 5.14. For a low level of contamination a liquid nitrogen trap
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V
Fig. 5.13: Cut-off curves for a) good and
b) degraded shutters.
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+Li
Li . H O
Li .2H 0
Li .CO Li . Ar
Li .N
I Li .CO
35 39 43 47 51
Fig. 5.14: Mass scan for Li+ ions drifting in Ar showing
evidence of gas contamination and the emission 
of K+ from the ion source.
on the gas in le t  l in e  was s u f f ic ie n t  to clean the sample while fo r 
more severe contamination (as in th is  f igu re ) the system required 
baking.
The f in a l  data reported in th is  thesis are highly reproducible, 
there being generally less than ±0.1% change from one gas sample to 
another. In a series of measurements taken in a given gas sample, 
the set o f conditions used f i r s t  was repeated a t the end o f the run 
to check fo r any changes. A set o f measurements generally included 
the measurement o f the m ob il i ty  at a previously considered set of 
conditions and the value o f the m ob il i ty  obtained was compared with 
previous resu lts . This precaution enabled the early id e n t i f ic a t io n  
of any problems or changes in the system behaviour.
5.3 Computer Control and Data Acquis ition System
To improve the data acqu is it ion  and analysis the d r i f t  tube 
experiment was interfaced with a microcomputer, enabling detailed 
ATS's to be obtained. The data were stored on d iskette in  a form 
su itab le  fo r  re tr ie va l and subsequent analysis fo r  both m ob il i ty  and 
c lus te r ing  studes. The potentia l also exists fo r  longitud inal d if fu s ion  
coe ff ic ien ts  to be determined from these same records, thus a complete 
and detailed record o f an ATS makes more information about the transport 
behaviour of the ions in gases ava ilab le .
Other advantages o f computer control o f the experiment include 
the a b i l i t y  to average data points to increase the signal to noise 
ra t io  as well as the extension o f data to low ion energies and conditions 
where ion currents are extremely low. Having a record o f a complete 
and detailed ATS also allows more sophisticated analyses, including the 
f i t t i n g  o f ana ly tica l curves, the subtraction of background current 
levels and the ready determination of peak skewness.
5.3.1 Apparatus Used in Computer Control
A schematic o f the experiment and computer in te rface is  shown 
in Fig. 5.15. The central c o n tro l le r  was an IMSAI 8080 microcomputer
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Disk DriveHP Plotter Terminal Line Printer
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Preamplifier
Counter
Frequency
Synthesiser I MSAI 8080
Fig. 5.15: Schematic representing the computer control 
of the experiment.
system using the INTEL 8080 microprocessor. Data and program f i le s  
were stored on floppy d isk, the drive interfaced with the computer 
being a Shugart SÄ 800 Diskette Storage Drive. Other peripherals 
included a Teleray 3500 series CRT Data term inal, Texas Instruments 
S i le n t  700 Data Terminal (model 733, used here as a l in e  p r in te r )  and 
a HP 9862A ca lcu la to r p lo t te r .  A ll programs were w rit te n  in BASIC.
The experimental control programs step through a selected 
frequency range by a chosen increment. The frequency o f in te re s t  
is broken in to  pairs of d ig i t s ,  converted to BCD form and presented 
to a HP 3320B frequency synthesiser (frequency range from 10“ 3 Hz to 
13 MHz). The amplitude o f the sine wave to be generated by the 
frequency synthesiser is also selected in the co n tro l l in g  program, 
converted to a BCD number and presented to the synthesiser. The 
generated sine wave is  amplified and applied to the shutters.
As in the manual measurements, i f  the choice is made to 
monitor the to ta l ion current at the e x i t  plate an electrometer is  
used. The range chosen depends on the current levels to be used and 
the desired electrometer response time (balancing the benefit o f 
increased signal averaging and hence reduced noise against the 
problems of excessive recovery and slow response times). The electro 
meter output (continuous from 0-1 V and proprotional to the current 
reading) is fed to a Keithley 179 TRMS d ig i ta l  multimeter. The multi 
meter presents these data to the computer in BCD form. The data is 
subsequently converted to decimal form by the operating program and 
sto red .
I f  the ion signal is  monitored in the mass analysis region 
( in  e ither mass selected or to ta l current mode) the signal is 
recorded using the 5-decade counter as described in Section 5.1.
The 5-decade counter counts fo r  a chosen gate time with a variable 
gate frequency. The number o f pulses counted while the gate is open 
is  presented to the computer in BCD form.
Data could be displayed on a term inal, w r it te n  on to d iskette  
and plotted using an HP p lo t te r .
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5.3.2 General Description o f Programs
Three main data acqu is it ion  and experimental control programs 
were w r it te n  fo r  th is  work, each storing a r r iva l time data on d iske tte . 
Additional analysis and data manipulation programs supplemented these, 
enabling the stored data to be inspected and analysed with various aims. 
These programs are described in more de ta il in  Appendix A.
The f i r s t  o f the major data acqu is it ion  programs, CARVTIME, 
could be used to obtain a mass analysed ATS, storing the electrometer 
output as a function of shutter frequency. The second program, ARVTIME, 
was used to obtain quick ATS, obtaining the current inc ident on the e x it  
plate o f the d r i f t  region as a function of shutter frequency. Both of 
these programs were generally used fo r  rapid tests .
The main data acqu is it ion  program, NARVTIME, is also used to 
obtain ATS measured at the e x i t  p la te . This program is  a refined 
version o f ARVTIME which allows the to ta l ion current to be monitored 
and normalizes the data to correct fo r  any change in the ion current.
The temperature in the d r i f t  region can also be monitored by the 
measurement o f a peak in  a "standard" ATS.
The data obtained is stored on d iske tte  and can be analysed 
subsequently fo r  m ob il i ty  data (PEAKF) or converted to the time domain 
(TRUEATS) and analysed fo r  c lus te r ing  reaction ra te co e ff ic ie n ts .
Supplementary programs allow any portion o f the data to be 
plotted on a chosen scale.
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CHAPTER 6 : EXPERIMENTAL RESULTS FOR THE MOBILITY OF Li+ AND K+ IONS
IN HE AND AR
6.1 Introduction
The reduced mobilities of Li+ and K+ ions have been determined 
in helium at room temperature and 80 K, and in argon at room temperature. 
The experimental data will now be presented and compared with previous 
measurements. A number of tests were made to check the validity of the 
data. In all measurements of the ion drift velocity the values were 
found to be independent of the drift distance used (3 or 9cm), the 
amplitude of the signal applied to the shutters and the value of E/N 
in the region before the first shutter.
In some cases the data were a function of the gas pressure. The 
causes of such dependences are discussed under the headings for the 
individual ion-atom cases. Some limited mobility data were obtained 
for cluster ions. The mobility of the Li+ .He cluster ion in helium 
was measured at 80 K as a function of E/N and estimates made of the 
mobilities of the higher order clusters Li+ .2He and Li+ .3He.
The room temperature results were taken manually by the method 
described in section 3.2.1. The ion mobilities at 80 K were determined 
both manually and by the analysis of data recorded using the computer 
programs PEAKF (for current normalized data) and RAWPEAK (for raw data) 
described in section 5.3 and Appendix A.
The lowest E/N at which measurements could be made was in general 
limited by the signal to noise ratio in the ion current measured at the 
collector plate. The ion current decreased rapidly as the E/N value in 
the drift region was reduced.
The upper limit to the E/N range at a given pressure was set 
either by the onset of discharge (in the case of K+ ) or the failure 
of the shutters to perform satisfactorily (Li+ ). At very high values 
of E/N the spectral resolution was limited by the maximum attainable
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peak-to-peak shutter voltage, and the spectra became skewed due to 
the presence of a r is in g  background current (Chapter 5).
The maximum estimated e rro r in the temperature measurement 
was at a l l  times less than 0.1% at room temperature and 1.0% at 80 K.
The resu lts  reported here are repeatable to w ith in  the experimental 
sca tte r, in general <0.1% and in a l l  cases <0.3%.
For a l l  the cases reported here, the present resu lts  have lower 
error l im i ts  than previously reported data. When comparisons with 
previous m o b il i ty  data are shown graph ica lly , the present best estimate 
values are represented by a so l id  l in e  and the data points are not 
shown as they f a l l  w ith in  the thickness of the l in e .  In a l l  cases 
the errors are calculated by adding the systematic errors a r ith m e t ic a l ly  
and a l l  the random errors in quadrature. The to ta l e rror is  taken to 
be the sum of the to ta l random and systematic errors.
6.2 Results
6.2.1 L i+ Ions in Helium
The reduced m o b il i ty  of L i+ ions in helium was measured at 
294 K over the E/N range 3 to 70 Td and at pressures from 1.007 to 
3.100 Torr. At 80 K data were taken over the E/N range 2 to 18 Td 
and at pressures of 0.544 to 2.480 Torr. There was no evidence of 
l i th ium  ion-helium clusters at room temperature, e ithe r using the 
mass spectrometer or in the ATS. However, ion clusters were observed 
at 80 K and the reduced m o b il i ty  of the L i+ .He, L i+.2He and L i+ .3He 
c lus te r ions was measured over a l im ited  E/N range.
The resu lts  fo r  the reduced m o b il i ty  of L i+ in He at 294 K 
are shown in Table 6-1 and p lo tted in Figure 6.1. These resu lts  show 
no dependence on pressure to w ith in  the experimental scatter of 
± 0.2%. Attempts to obtain data at 0.544 Torr were hampered by poor 
peak resolution and severe skewness even using the longer (9cm) 
d r i f t  distance and the maximum atta inable  peak-to-peak voltages 
applied to the shutters.
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TABLE 6-1
Reduced M o b i l i t y  o f  Li ions in  Helium a t  294K
Best
Estimate
E/N
(Td)
k  (cm2 
1.007
5- 1) a t p(Torr) o f  
2.093 3.100
3.0 22.81 22.81
4.0 22.90 22.85(22.91) 22.88
5.0 22.95 22.93 22.94
6.0 23.10(23.14) 23.03 23.06
8.0 23.37 23.37 23.32(23.29) 23.35
10.0 23.79 23.76 23.77
10.36 (23.71)
12.0 24.28 24.26 24.24(24.21 ) 24.26
13.0 24.59 24.52 24.56
14.0 24.94 24.88(24.87) 24.91
15.0 25.37 25.32 25.28 25.32
16.78 26.09 26.09
17.9 26.65 26.65
18.0 26.70 26.70
20.0 27.55 27.54 27.55
25.0 29.59 29.64(29.64) 29.62
30.0 31 .18 31.18
35.0 32.13 32.13
40.0 32.47 32.47
50.0 32.35 32.35
60.0 31 .72 31.72
70.0 31 .35 31.35
( ) taken using 3cm d r i f t  dis tance.
Other data taken using 9cm d r i f t  d istance.
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294 K
E/N (Td)
Fig. 6.1: The reduced mobility of Li+ ions in He
at  294 and 80 K.
- Best estimate 
T 0.544 Torr 
•  1.007 Torr 
A 2.093 Torr 
H 3.100 Torr
Solid symbols are 9 cm resu l ts ,  open symbols are 3 cm resu l ts .
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The k -E/N curve at 294 K shows a large maximum, the peak value 
of the reduced mobility being much greater than the zero field value 
indicating a large range over which the repulsive part of the interaction 
potential is effective in cancelling the long-range attraction.
The courses of errors and estimates of their upper limits for 
Li+ in He at 294 K are shown in Table 6-2. The error in the effective 
transit time increases at high E/N (above about 30 Td) due to severe 
peak skewness in the ATS.
TABLE 6-2
Estimated total errors in measurements of reduced mobility k
of Li + ions in He at 294 K
maximum effect on k (%) at
Source of Error Type of Error low E/N high E/N
p.d. between shutters random .02 .02
systematic .06 .06
Temperature .1 .1
Pressure random .02 .02
systematic .1 .1
Drift distance systematic .1 .1
Effective transit 
time
random .1 .2
Total < 0.5% < 0.6%
The present best estimate values of the mobility are compared with 
the results of earlier workers in Figure 6.2. The results of Milloy 
(1973a) are not shown since they have been found to be in error due to 
the upcurving phenomena discussed in Chapter 5. The evidence for this 
conclusion is as follows. During some of the present measurements the 
shutters were seen to degrade, resulting in a 1% difference between 
reduced mobilities obtained using the 3 and 9cm drift lengths at low E/N. 
The higher of these results agreed with those of Milloy which were 
obtained using the 9cm drift distance (in which the upcurving phenomena
/
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Li -He
2 - 1..-1
294 K
E/N(Td)
Fig. 6.2: Best estimate values of  K fo r  L i+-He 
compared with the results o f ;
A Takata (1975)
•  Gatland (p r iv .  comm.)
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is usually observed). The shutters were cleaned and regilded to 
return them to a satisfactory operating condition. Subsequently 
the results obtained using the two drift distances agreed, both 
with each other and the lower of those taken immediately before 
the regild.
The present results are consistently lower than those of 
Gatland (1982; priv. comm.) (by ~  1-2%) and Takata (1975) (by 
~  2%) at low values of E/N. The results of Kaneko et al. (1978) 
are not shown because of the large scatter in their data. The 
results of Takata were taken at 311 K and pressures of 0.4 and 
0.8 Torr and, although all results agree to within the combined 
error limits, the difference between the present results and those 
of Takata is too great to be due to the different temperatures at 
which the data were taken.
The zero field mobilities are compared in Table 6-3.
TABLE 6-3
Comparison of K 0 for Li+ in He
Workers T(k) K o ( c m 2 V-1 s " 1)
Polarization Limit 19.2
Tyndall (1938) 291 23.2
Hoselitz (1941) 291 23.2
Takata (1975) 311 23.2 ± 0 . 7
Kaneko et al. (1978) 23.5 ± 0 . 5
Present 294 22.81 ±0.11
Hoselitz (1941) 77 20.67
Present 80 19.64 ± 0.29
The zero field result listed by Tyndall (1938) and that obtained 
by Hoselitz (1941) at 291 K agree, the value being 1.8% above the present 
result at 294 K. This difference is within the combined error limits.
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The resu lts  fo r  the reduced m ob il i ty  of L i+ ions in He at 80 K 
are l is te d  in Table 6-4 and p lo tted in Figure 6.1. The data were 
obtained manually and checked by computer analysis of ATS obtained 
under computer con tro l. Frequent checks during a series of preliminary 
measurements showed agreement between d r i f t  ve lo c it ie s  obtaining using 
the 9cm and 3cm d r i f t  lengths. These data are not shown in the table 
due to temperature measurement problems. The error estimates are given 
in Table 6-5.
Estimated to ta l
TABLE 6-5
errors in measurements of k of L i+ and K+
ions in He at 80 K
Source of Error Type of Error Maximum e ffe c t on k (%)
p.d. between shutters random .02
systematic .06
Temperature 1.0
Pressure random .02*
systematic .1
D r i f t  distance systematic .1
E ffective  t ra n s i t  time random .2
<1.5%
* This error is .04% at 0.544 Torr. The maximum to ta l e rro r remains 
unaltered.
The only k 0 data available fo r  comparison are those obtained by 
Hoselitz (1941) at 77 K (see Table 6-3). When renormalized following 
the present-day convention, his re su lt  is  20.67 cm2 V 1 s "1, 5% above 
the present value o f 19.64 cm2 V"1 s-1 at 80 K. The po lariza t ion  
l im i t  is  19.20 cm2 V"1 s_1, only 2% below the value of k 0 at 80 K, 
ind ica ting tha t the long-range part of the potentia l is dominating 
the ion-neutral in te rac tions . This point w i l l  be discussed fu r the r 
in section 6.3.
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TABLE 6-4
Reduced M o b i l i t y  o f L i + ions in  Helium at 80K
E/N k (cm2 V-1s-1 ) a t  p (Torr)  o f
(Td) 0.544 1 .007 2.093 2.480 Best
2.0 19.64 (19.66) 19.63
4.0 19.74 19.69 19.64 19.63
5.0 (19.68) 19.64
6.0 19.72 19.69 19.5/
8.0 19.74 19.79
10.0 19.86 19.85 19.92
12.0 (20.02) 20.10
14.0 20.38 20.36 20.36
15.0 20.54 20.54
16.0 20.88 20.88
18.0 21 .59 21.56 21.58
( ) data taken using 3cm d r i f t  distance.
Other data taken using 9cm d r i f t  distance.
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The reduced m obility of the cluster ion L i+.He in He at 80 K 
and 2.093 Torr as a function of E/N is given in Table 6-6. These 
data were obtained using the 3cm d r i f t  distance which has an "approach" 
distance before the f i r s t  shutter of 10cm. At 2.093 Torr and E/N values 
of 7 Td and less, a s ign ifican t number of cluster ions were formed in 
th is 10cm region and travelled the 3cm distance as cluster ions. These 
ions gave rise to a d is tin c t cluster ion peak from which the d r i f t  
ve locity, and hence reduced m obility, could be determined. Ions which 
reacted in the d r i f t  distance gave rise to a small plateau jo ining the 
cluster ion and parent ion peaks. Insu ffic ien t cluster ions entered 
the 9cm d r i f t  distance to give a cluster peak (see Chapter 8).
The data for the reduced m obility of L i+.He were obtained at 
a pressure of 2.093 Torr as i t  was only at th is pressure that d is tin c t 
cluster ion peaks were observed. At lower pressures insu ffic ien t 
clusters were formed to yie ld a cluster peak while at higher pressures 
the ATS became complicated by contributions from higher order clusters. 
Such a spectrum, for a gas pressure of 3.100 Torr and an E/N value of 
3 Td, is shown in Figure 6.3. The contributions from the various 
cluster species are indicated and the problems of peak overlap are 
apparent.
I t  was not possible to obtain satisfactory results for the 
mobility of cluster peaks using mass analysed arrival time spectra 
because of a small signal to noise ra tio  in such spectra at low values 
of E/N. Furthermore, when the mass spectrometer is tuned to select 
only the cluster ions, the measured arriva l time spectra shows large 
peaks at the frequencies corresponding to the passage of parent ions 
through the d r i f t  region, indicating that s ign ifican t levels of 
clustering occur in the analyser region. These peaks dominate the 
mass analysed ATS.
The reduced m obility at 3.100 Torr and 3 Td is estimated to 
be 13.2 cm2 V-1 s-1 fo r L i+.2He and 11.2 cm2 V*1 s“ 1 for L i+.3He.
The value of k 0 for L i+.He in He at 80 K is estimated to be 
14.84 cm2 V"1 s“ 1. There are no known data available for comparison 
with the reduced m obilities of these cluster ions.
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TABLE 6-6
Reduced m o b i l i t y  o f  L i+ .He Cluster  in Helium 
a t  80K and 2.093 Torr
E/N k
(Td) (cm2 V” 1 s- 1 )
4.0 14.84
5.0 14.86
6.0 14.81
6.69 14.89
7.0 14.90
Data taken using 3cm d r i f t  distance
Li
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Fig. 6.3: ATS for Li+ in He at 80 K, 3.1 Torr and 3 Td showing 
the contributions from the various cluster species. 
The number of the peak in the isolated ATS for a 
given species is also labelled.
Li
 
.2
H
e,
102
Data fo r  the reduced m ob il i ty  o f L i4 and L i+ .He ions in He 
were also obtained from mass analysed ATS and agreed to w ith in  the 
experimental e rro r w ith the values given above.
6.2.2 K+ Ions to Helium
The reduced m o b il i ty  o f K+ ions in  helium was measured at 294 K 
and 80 K. At 294 K data were obtained in the E/N range from 5 to 60 Td 
and a t pressures between 1.007 and 3.100 Torr. At 80 K data were taken 
a t E/N values from 2 to 35 Td and a t  pressures from 0.544 to 3.100 Torr. 
The data are presented in graphical form in Figures 6.4 and 6.5. No 
product ions were observed using the mass spectrometer or in the ATS 
at e ith e r temperature.
The room temperature data are presented in Table 6-7 and show 
no dependence on pressure. From comparisons o f data taken a t d if fe re n t  
pressures and from the fa c t  tha t no c luste rs  were observed i t  was 
concluded tha t there was no evidence fo r  an ion-complex e f fe c t .  There 
is ,  however, evidence o f  upcurving in  the low E/N (5 and 8 Td) results  
a t 1.007 Torr ind ica ting  the presence o f a minor shutter contamination 
problem. Under these conditions the spectra were skewed and poorly 
resolved. The remaining data show no dependence on d r i f t  distance or 
pressure.
Table 6-8 l i s t s  the source o f  e rro r in the measurements and the 
estimated maximum magnitude of th e ir  e f fe c t  on k at 294 K.
These resu lts  show a previously unobserved maximum in the 
m ob il i ty  a t low values of E/N. The height o f the m ob il i ty  maximum 
is very small ind ica ting  tha t the repulsive wall o f the in te raction  
potentia l is  "hard" and is e f fe c t ive  in cancelling the long-range 
a t t ra c t io n  over a small range. The present value fo r  k0 is  estimated 
to be 21.14 ±0.11 cm2 V-1 s“ 1.
The best estimate values are compared with previous results  in 
Figure 6.6 and with other values o f k0 in Table 6-9.
The data of James e t  a l .  (1975) were taken at a temperature 
o f 300 K and have an erro r l im i t  o f ±2%. The present results f a l l
2. , - 1- 1
E/N(Td)
Fig. 6.4: The reduced mobility of K+ ions in He at 294 K. 
(All results 9 cm.)
- Best estimate 
•  1.007 Torr 
▲ 2.093 Torr 
A 3.100 Torr
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Fig. 6.5: The reduced mobility of K ions in He at 80 K.
(All results 3 cm.) 
- Best estimate
^ 0.544 Torr 
•  1.007 Torr 
▲ 2.093 Torr 
■ 3.100 Torr
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TABLE 6-7
Reduced Mobili ty fo r  K+ ions in Helium a t  294K
E/N
(Td)
k  (cm2 V 1 
1 .007
s “ 1) a t  p(Torr)  of
2.093 3.100
Best
Estimate
5.0 21 .23 21 .15 21 .13 21.14
8.0 21 .21 21 .16 21 .15 21.15
10.0 21 .19 21 .20 21 .17 21 .19
12.0 21.22 21 .20 21 .20 21.21
15.0 21 .22 21 .22 21 .22 21 .22
20.0 21 .17 21 .20 21.20
25.0 21 .01 21 .04 21.04
30.0 20.74 20.74
40.0 19.96 19.96
50.0 19.09 19.09
60.0 18.24 18.24
Data taken using 9cm d r i f t  d i s tan ce
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TABLE 6-8
Estimated to ta l  e rro rs  in  measurements o f  k 
o f  K+ ions in  He and Ar and L i+ ions in  Ar 
a t room temperature
Source o f  Error Type o f Error Maximum e f fe c t  i
p .d . between shutters random .02
systematic .06
Temperature .1
Pressure random .02*
systematic .1
D r i f t  distance systematic .1
E ffe c t iv e  t r a n s i t  time random .1
<0.5%
* This e rro r  is  .04% a t 0.544 T o rr .  The maximum to ta l  e r ro r  is  unaltered.
TABLE 6-9
Comparison o f  k 0 fo r  K+-He
Workers T(K) k o ( cm2 V 1 s ' 1)
P o la r iza t ion  L im it 16.09
El fo rd  & H i l lo y  (1974) 293 21.3 ± 0.2
James e t  oCl. 300 21.6 ± 0.4
Takata (1975) 310 21 .4 ± 0.6
Present 294 21.14 ± 0.11
Creaser (1969) 77 18.1 ± 0.4
Present 80 17.32 ± 0.26
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294 K
E/N(Td)
Fig. 6.6:  Best estimate values o f k fo r  K -He compared w ith
the re su lts  o f :
O James et_ al_. (1975)
A Takata (1975)
X M illo y  and Robson (1973)
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below these earl ier results at low values of E/N, there being a 2.2% 
difference in the value of k0. The results of Takata (1975) were taken
at 310 K and a pressure of 0.4 Torr and give a value of ko which is 1.4%
above the present result . Both of these results agree with the present 
more accurate results to within the combined experimental errors.
Milloy and Robson (1973) reported results for K+ in He at 293 K 
over the limited pressure range 0.8 to 1.1 Torr at E/N values above 20 Td 
with error limits of ±2%. Their results agree with the present results 
to within 0.8% at all values of E/N and in general to within 0.5%.
The reduced mobility data of Elford and Milloy (1974) show a
pressure dependence over the pressure range 4 to 200 Torr which they 
attributed to the formation of ion-atom complexes. They did not present 
data in the pressure range used here but their fi tted curve showed a 
dependence of only approximately 0.24% in the range 1 to 3 Torr which 
is within the s ta tis t ical  scatter of the present data. Their value of 
ko in the zero-pressure limit agrees with the present value to within 
0 . 8%.
The data for K+ in He at 80 K are listed in Table 6-10. To reduce 
the heating effect of the filament on the gas in the dr if t  region, these 
data were taken using the 3cm dr if t  distance only. Regular checks early 
in a series of measurements (before heating became a severe problem and 
thus while the gas temperature was constant through the tube) showed 
that drift  velocities taken using the two dr if t  distances generally agreed 
to within 0.5%, any differences being attributed to temperature differences. 
Data taken manually and using the computer agreed to within the 
experimental scatter.
Each series of measurements began and ended with a measurement 
at 6 Td, resulting in a very accurate value at this value of E/N. To 
reduce errors in the reduced mobility caused by the inaccuracies of 
the measurement of the gas temperature, all data at 1.007, 2.093 and 
3.100 Torr were normalized to this value. The determination of the 
gas temperature in data taken at 0.544 Torr was more difficult  than 
at higher pressures and all these data were normalized to the value 
at 17 Td.
109/
TABLE 6-10
Reduced M o b i l i t y  o f  K+ ions in  Helium at 80K
E/N
(Td) 0.544
k  (cm2 V 1 s 
1 .007
2.0 17.20
3.0 17.27
4.0 17.31
5.0 17.35
6.0 17.43
7.0 17.47
8.0 17.54 17.54
9.0 17.64
10.0 17.80 17.69
11 .0 17.89
12.0 18.08 18.04
12.63 18.16
13.0 18.21
13.26 18.29
14.0 18.37
14.13 18.43
15.0 18.64 18.61
16.0 18.81
17.0 19.10 19.04
17.5 19.15
20.0 19.81
22.0 20.29
24.0 20.63
25.13 20.69
26.11 20.87
27.11 20.93
28.12 21 .00
29.12 21 .01
30.16 20.98
31 .0 21 .01
32.20 20.96
33.21 20.92
34.21 20.84
35.2 20.78
) at p(Torr) o f
2.093 3.100 Best
17.30 17.32 17.31
17.33 17.35 17.32
17.34 17.36 17.33
17.37 17.36
17.43 17.43
17.48 17.48
17.53 17.54
17.64
17.89
18.06
18.21
18.29 
18.37 
18.43 
18.61 
18.81 
19.07 
19.15 
19.81
20.29 
20.63 
20.69 
20.87 
20.93
21.00
21.01 
20.98
21.01 
20.96 
20.92 
20.84 
20.78
Data taken using 3cm d r i f t  distance
n o
Estimates of the experimental errors are given in Table 6-5.
The only results known for comparison are those of Creaser (1969) 
who obtained a value of ko which is 4.6% above the present result .
I t  is believed that the results of Creaser were subject to a shutter 
layer problem which can significantly increase the measured mobilities.
The polarization limit for the reduced mobility of K+-He is 
16.09 cm2 V 1 s -1 and obtained from these data at 80 K is 8% above 
this value. This difference indicates that measurements at temperatures 
lower than 80 K are needed to probe the long range part of the interaction 
potential for K+-He.
6.2.3 Li+ Ions in Argon
Data for the reduced mobility of Li+ ions in argon were taken 
manually at 295 K at pressures from 0.775 to 2.093 Torr and E/N values 
from 8 to 50 Td. Both the 9 and 3cm dr if t  distances were used for 
mobility measurements and the results for the two distances agree to 
within the experimental scatter of ±0.2%.
The results are listed in Table 6-11 and shown in Figure 6.7.
The estimates of experimental errors are as for K+ in He at room 
temperature and are given in Table 6-8.
Although the results show no length dependence, they do display 
a variation with gas pressure. The current maxima in the ATS's were 
symmetrical gaussians, and mass analysis of the ions leaving the dr if t  
region showed a small quantity of Li+.Ar clusters. The abundance of 
this cluster ion increased with pressure, none being observed at the 
highest value of E/N and the lowest pressure. These observations are 
consistent with the presence of the equilibrium reaction
Li+ + Ar + Ar — Li+.Ar + Ar (6.2.1
The measured reduced mobility values, k^ , were used to determine the 
mobility of the Li+ ion, ki , using the equation (Elford and Milloy,
1974)
I l l
TABLE 6-11
Reduced Mobili ty of Li+ ions in Argon a t  294K
E/N
(Td)
k  (cm(i) 2 V-1 m
0.775
s _1) measured a t  p(Torr)  of 
1.007 2.093
c a lc u la t e d  
< 1
as p->0
5.0
8.0 
10.0 
12.0
(4.578)* 
(4.592) 
(4.594) 
4.591(4.594)
4.66
4.66
15.0 4.639 4.620(4.624) 4.590(4.595) 4.66
20.0 4.654 4.629(4.626) 4.606(4.601 ) 4.67
25.0 4.668 4.650(4.646) 4.631(4.618) 4.68
30.0 4.710 4.703(4.684) 4.72
35.0 4.806 4.789(4.795) 4.81
40.0
50.0
4.929 4.921(4 .896)* 
5 .330(5 .26)*
4.93
5.33
( i )  ( ): taken using 3cm d r i f t  d i s tance .
Other data taken using 9cm d r i f t  d i s tan ce .
( i i )  * in d ic a te s  poor sp ec t r a l  r e s o lu t io n .
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2 5 10 20 50
E/N(Td)
Fig. 6.7: The reduced m o b il i ty  of L i+ ions in Ar at 294 K.
- F itted results  
▼ 0.775 Torr 
® 1.007 Torr 
▲ 2.093 Torr 
Solid symbols; 9 cm. 
Open symbols; 3 cm.
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Ki + k 2 K^N
1 + KeN
( 6 . 2 . 2)
where Kp is the equilibrium constant for the reaction and K2 the 
mobility of the Li .Ar cluster.
The data for as a function of pressure at a given E/N were 
fi t ted to (6.2.2) using the value k 2 = 2.0 cm2 V“1 s_1 (obtained by 
Keller e t  ail. (1973)) in order to obtain ki and K^ . The f i t s  were 
shown to be insensitive to the value of k2 -
During this study trace levels of gas contaminants, e.g. CO,
H20, NO, were present and due to their relatively high polarizabil i t ies 
gave rise to significant clustering. I t  can be shown that,  in the 
presence of such contaminants, the value of determined by f i t t ing 
the data using the expression (6.2.2) is an upper limit to the 
equilibrium constant for the clustering of Ar to Li+. The results of 
the present f i t s  and their maximum estimated error limits are shown as 
a function of E/N in Table 6-12.
E/N
(Td)
12
15
20
25
30
TABLE 6-12
Results of f i ts  of Li+-Ar mobilities at 294 K 
as a function of pressure to (6,2.2)
4.0 ± 0.5
3.8 ± 0.8
3.9 ± 0.9 
3.2 ± 0.7
2.1 ± 0.8
Kl
(cm2 V"1 s"1)
4.66 ± .01
4.66 ± .01
4.67 ± .01
4.68 ± .01 
4.72 ± .01
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A comparison with values of  the  equi l ibr ium cons tant s  determined by 
Kel ler  e t  a l .  (1973),  Takebe e t  a l .  (1982) and Takata (1977)
(determined from r e ac t i o n  r a t e  c o e f f i c i e n t  data)  a re  shown in Figure 
6.8.  The presen t  r e s u l t s  d i sag r ee  with the r e s u l t s  of  e a r l i e r  workers 
a t  low values of  E/N. I t  i s  not  poss ib le  to obta in  a f i t  to the  
presen t  mobi l i t y  data using the values of  obtained by o t he r  workers 
a t  low E/N va lues .
The data obtained by the f i t t i n g  procedure descr ibed above fo r  
the mobi l i t y  of Li+ in Ar are shown in Fig.  6.9 t oge the r  with the 
r e s u l t s  of  e a r l i e r  workers.  The value of  k0 est imated from the present  
work i s  4.66 ±0.02 cm2 V"1 s ' 1. Values of  k0 are compared in Table 6-13.
TABLE 6-13
Comparison of  k 0 for Li+-Ar
Workers T(k) K0(cm2 V-1 s - 1 )
P o la r i za t i on  Limit 4.456
Tyndall (1938) 291 4.68
Kel ler  e t  a l .  (1973) 319 4.57 ± .12
Akridge e t  a7. (1975) 300 4.63 ± .09
Takata (1 977) 306 ±3 4.76 ± .17
Kaneko e t  a l .  (1978) 4.5 ± .09
Takebe e t  a l .  (1982) 304 4.56 ± .05
Present 294 4.66 ± .02
The r e s u l t s  of  Akridge e t  a l .  (1975) a re  higher  than the present  
r e s u l t s  a t  high E/N (as f o r  o t he r  ion-gas combinat ions)  y e t  lower than 
the p resen t  r e s u l t s  a t  low values of  E/N where the p resen t  r e s u l t s  
i nd i ca t e  the presence o f  an equ i l i b r ium c l u s t e r i n g  r ea c t i o n .  The data 
of  Akridge e t  a l .  were taken a t  pressures  of  0.03 to 0.493 Torr  and give 
a ko value of  4.63 ±0.09 cm2 V-1 s “ 1.
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E/N(Td)
Fig. 6.8: Equilibrium constants for the clustering of Ar to 
Li+ a t  room temperature.
« Present resul ts  
A Takebe e t  at. (1982)
A Keller e t  al. (1973)
O Takata (1977)
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Fig. 6.9: Fitted values of k for Li+-Ar at 294 K 
compared with the resul ts  of:
A Takata (1977)
▼ Takebe e t  al.  (1982)
O Akridge e t  al. (1975)
Present
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The present f i t ted results agree with those of Takebe e t  al.
(1982) at high E/N but are higher at low values of E/N. The results 
of these workers were taken at 304 K over the pressure range 0.3 to
2 Torr. These workers comment that their data were taken under 
conditions such that the effects of forward and backward clustering 
on the mobility can be ignored. However the present results indicate 
that their mobility values determined at high pressures and low values
of E/N may have been lowered by the presence of an equilibrium clustering 
reaction.
Takata (1977) observed a pressure dependence in his data taken 
at approximately 306 K over the pressure range 0.2 to 8 Torr. He 
extrapolated the measured mobility values to E/N=0 for each pressure 
and then fit ted the data with exoression (6.2.2) to obtain a value for 
the zero field reduced mobility of Li+ ions of 4.76 ±0.17 cm2 V“1 s"1. 
(The uncertainty in the f i t  was estimated at ±0.5%). He also determined 
k2 to be 1.6 ±0.9 cm2 V-1 s _1 and = (2.0 ± 0.5) x 10_18 cm3. Takata1s 
value for is a factor of 5 times larger than that obtained in the 
present work. Takata also determined the reaction rate coefficients 
k.| and k_-j using a d r i f t  tube model.
The pressure dependence in the reduced mobility results which 
was observed for Li+-Ar was not observed for K+-Ar and hence cannot 
be attributed to experimental error.
6.2.4 K+ Ions in Argon
The reduced mobility data for K+ ions in argon were recorded 
manually at 295 K over the pressure range 0.543 to 3.100 Torr and 
the E/N range 3 to 120 Td. Although data were taken using both the
3 and 9cm dr if t  distances, a wider range of pressures and E/N values 
were attainable with increased resolution with the 9cm dr if t  distance. 
The results are listed in Table 6-14 and are plotted in Figure 6.10.
These data show some slight evidence for upcurving at  low 
values of E/N (below 8 Td at 1.007 Torr, 3 Td at 3.100 Torr).
However the effect is not severe and is within the experimental 
scatter.
TABLE 6-14
Reduced M o b i l i t y  o f  K+ ions in  Argon at 295K
E/N
(Td) 0.543
k  (cm2 V 1 s-1 
1.007
3.0
5.0
6.0 2.649
7.0 2.648
8.0 2.647
10.0 2.659 2.649
12.0 2.663 2.653
15.0 2.668 2.655(2.657)
20.0 2.676 2.668
25.0 2.687 2.684
30.0 2.706 2.703
35.0 2.736 2.729
40.0 2.771 2.762
45.0 2.808 2.800
50.0 2.846 2.838
60.0 2.935 2.930
70.0 3.020
80.0 3.093
90.0 3.153
100.0 3.193
110.0 3.210
120.0 3.217
at p(Torr) o f
2.093 3.100 Best
2.642
2.640
2.637(2.646) 2.647
2.639(2.645)
2.643(2.642) 
2.638(2.641) 2.647
2.643(2.644) 2.641(2.642) 2.647
2.647(2.648) 2.643(2.641) Z . 653
2.650(2.651 ) 2.647(2.643) 2.655
2.664(2.659) 2.668
2.677(2.674) 2.684
2.703
2.729
2.762
2.800
2.838
2.930
3.021
3.093
3.153
3.193
3.210
3.217
( ) taken using 3cm d r i f t  distance
Other data taken using 9cm d r i f t  distance
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Fig. 6.10: The reducedmobi1i t y  of K+ ions in Ar at 295 K. 
- Best estimate 
♦ 0.544 Torr 
® 1.007 Torr 
▲ 2.093 Torr 
H 3.100 Torr
Shaded symbols, 9 cm: Open symbols, 3 cm.
The sources o f  experimental e r r o r  and es t imates  o f  t h e i r  upper 
l i m i t  are  as fo r  K+ in He and a re  given in Table 6-8.
The r e s u l t s  fo r  the  reduced m obi l i ty  of K+-Ar a t  295 K show a 
small p re ssu re  dependence of the type observed by El ford and Mi Hoy 
(1974) and a t t r i b u t e d  to temporary ion complex formation
K+ + Ar ^  ( K+ .Ar)* (6 .2 .
In the present  r e s u l t s ,  t h i s  p re ssu re  dependence is  0.3% from 1.007 
to 3.100 Torr.  The r e s u l t s  repeated  a f t e r  a r e g i ld  of the  s h u t t e r s ,  
i n d ic a t in g  t h a t  i t  i s  not  due to the presence of s h u t t e r  contamination.
The p resen t  b e s t  e s t im ate  values are  compared with e a r l i e r  
r e s u l t s  in Fig.  6.11 and Table 6-15.
TABLE 6-15
Comparison o f  k0 fo r  K -Ar
Workers T(k) K 0 ( c m 2 V"1 s -1
P o la r i z a t io n  Limit 2.44
Tyndall (1938) 291 2.64 ± .09
Hose l i tz  (1941) 291 2.64
Kel1 e r  e t  d l .  (1973) 310 2.73 ± .06
Milloy & Robson (1973 293 <2.67 ± .05
James e t  d l .  (1973) 300 2.66 ± .05
Eiford & Milloy (1974) 293 2.64 ± .02
Creaser  (1974) 304 2.57 ± .03
Takata (1977) 301 2.71 ± .09
Takebe e t  a l .  (1980b) 305 2.63 ± .03
Present 295 2.640± .013
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Fig. 6.11: Best estimate resul ts  of k for K+-Ar at 295 K
compared with the resul t  of:
▼ Takebe e t  al. (1980)
O James e t  al.  (1973)
□ Skullerud (1973)
X Mi 11oy and Robson (1973)
The present results at each pressure are 0.2% higher than the 
fit ted results of El ford and Milloy except at 0.543 Torr where they 
are 0.7% higher at low E/N. The size of this effect is within the 
time experimental error limits and scatter.
The results of James e t  a l .  (1973) were taken at 300 K and 
pressures of 0.025 to 0.98 Torr with estimated error limits of ±2%. 
These results are in general higher (by about 1-1.5%) than the present 
results.
Milloy and Robson (1973) measured k over the limited pressure 
range 0.8 to 1.1 Torr and E/N range 20 to 80 Td at a temperature of 
293 K. Their error limits are estimated to be ±2% and their data 
agree with the present results to within their stated uncertainty.
Skullerud (1973b) measured the reduced mobility at 285 K over 
the pressure range 0.14 to 1 Torr and E/N values above 23 Td with 
error limits of ±1.5%. These results do not extend to low enough 
values of E/N to determine the value of k0 accurately but agree with 
the present results to within the error limits.
Not shown are the results of Keller e t  a l .  (1973), because 
of the limited E/N range of 9 to 24 Td studied, and Takata (1977), 
due to the scatter in the data (~ 3%).
Takata determined k0 at 301 K to be 2.71 ±0.09 cm2 V"1 s"1. 
These results l ie  above the results of James e t  a l .  at E/N values 
below 20 Td but agree near the peak of the mobility curve.
The results of Takebe e t  a l .  (1980b), taken at 0.3 to 5 Torr 
and 305 K, agree with the present results to within approximately 
0.5% for E/N >30 Td but at  low E/N values they fall below the present 
data. However the scatter in the earlier data makes detailed 
comparison diff icu lt .
6.3 Comment on k0 Data
As stated earl ier in the Introduction, to obtain information 
on the long-range part of the interaction potential from mobility
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data, these data must be taken at su ff ic iently  low temperatures and/or 
E/N values that the distribution of ion energies is such that the 
scattering is dominated by the dipole polarization force. When only 
the polarization force is present the value of k 0 becomes equal to 
the polarization l im it  (defined in Chapter 2). Thus an indication of 
the influence the dipole polarization has on the scattering can be 
obtained by a comparison of the measured values of ko with the 
polarization l im it  (Table 6-16).
TABLE 6-16
Comparison of present k 0 with polarization 
l im it
Ion-Gas
T
(K)
Present 
(cm2 V"]
Results 
L s -1)
Polarization l im it  
(cm2 V-1 s“ 1)
Difference 
{ % )
Li+-He 294 22.81 ± 0.5% 19.2 19
Li+-Ar
80 19.64 ± 1.5% 2
294 4.66 ± 0.5% 4.46 4.5
K+-He 294 21 .14 ± 0.5% 16.09 31
K+-Ar
80 17.32 ± 1.5% 8
295 2.64 ± 0.5% 2.44 8
The effect of the po la rizab il ity  of the neutral can be seen by 
considering the values of Ko for one ion species in more than one gas. 
For a given gas temperature, the value of k0 is nearer the polarization 
l im it  for the atom of greater po larizab ility . As the neutral 
po la rizab ility  decreases, the attractive polarization contribution to 
the potential decreases rapidly and much smaller centre of mass energies 
are required to study this part of the interaction. Thus room 
temperature data are suitable for studying the polarization force for 
the Li+-Ar interaction, whereas data at a low temperature are needed 
to ensure that the long-range part of the potential dominates the 
interaction for the case of L i+-He.
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For a given gas and gas temperature, the range of separation 
over which the attractive polarization force is significant decreases 
with increasing ion size (Chapter 7). The polarization force can be 
probed at higher centre of mass energies (higher gas temperatures) 
for Li+ ions than K+ ions in a given gas. Hence, although room 
temperature data were sufficient for this purpose for Li+-Ar, lower 
temperatures may be needed for the case of K+-Ar.
In summary, data for Li+ ions in He and Ar have now been obtained 
under conditions where the value of k0 approaches the polarization limit. 
However, accurate data at  lower temperatures than 80 K for K+-He and 
295 K for K+-Ar are desirable when considering the long-range 
polarization force for these last  two cases.
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CHAPTER 7: THE DETERMINATION OF INTERACTION POTENTIALS
Informat ion on i n t e r a c t i o n  p o t e n t i a l s  can be obta ined from 
mobi l i ty  s tud i es  in two ways. The f i r s t  i s  to assume a t r i a l  
po t e n t i a l  and compare the c a l c u l a t e d  mo b i l i t i e s  with experimental  
va lues .  The second i s  to der ive  a po t en t i a l  from the mobi l i t y  da ta .  
The d e t a i l s  and r e s u l t s  f o r  both procedures using the mobi l i t y  data 
o f  Chapter  6 are now presen t ed .
7.1 Method of  Determinat ion
Trial  p o t e n t i a l s  were used toge the r  with the  t h r e e  t emperature  
theory to c a l c u l a t e  ion m o bi l i t i e s  as a funct ion o f  E/N fo r  room 
temperature and 80 K. The c a l cu l a t ed  mo b i l i t i e s  were compared wi th 
the  experimental  r e s u l t s  repor ted  in Chapter 6, the t r i a l  p o t en t i a l  
ad jus t ed  accordingly and the  procedure r epeated .  The number o f  
i t e r a t i o n s  requi red to reach a f i na l  po t en t i a l  depended on the  choice 
o f  s t a r t i n g  p o ten t i a l  a l though t h i s  did not a f f e c t  the f i na l  r e s u l t .
The th r ee - t emper a t u r e  theory was chosen f o r  t h i s  work s ince  
i t  i s  the only t r a n s p o r t  theory which gives accura t e  m o b i l i t i e s  and 
d i f f us i on  c o e f f i c i e n t s  f o r  m/M values g r e a t e r  than 1 and high values 
o f  E/N. The d i f f us i on  c o e f f i c i e n t s  were ca l cu l a t ed  as a func t ion  of  
E/N but  were not  used in the p resen t  study for  two reasons .  The f i r s t  
was the l ack of  s u f f i c i e n t l y  accura t e  experimental  data and the  second 
was the problem of  convergence,  which was ser ious  fo r  systems o t h e r  
than K+-He. For the o t he r  systems,  the d i f f us i on  c o e f f i c i e n t s  only 
converged to wi th in  5 % f o r  values o f  E/N where the m o b i l i t i e s  var i ed  
s lowly.  In o rde r  to use d i f f u s io n  c o e f f i c i e n t s  in f i t t i n g  to ob t a i n  
p o t e n t i a l s  the c a l c u l a t i o n s  must be extended to h igher  o rders  o f  
approximation of  the  th ree - t empera t ure  theory a t  the cos t  o f  g r e a t l y  
increased computer t ime.  The p resen t  study was l imi t ed  to the f i f t h  
o rde r  of  approximat ion.
The computer codes used to perform t h i s  work were obta ined 
from Dr L.A. Viehland and a re  ou t l i ned  b r i e f l y  in Appendix B. A fu l l
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discussion is given by Viehland (1981a, 1981b and 1982a). Only minor 
modifications to these codes and their data handling capabilities were 
required before they could be run on the UNIVAC 1108/82 computer used 
in this work. Plotting programs were written to test the form of the 
potential before a full calculation was performed and to enable the 
calculated mobilities to be compared easily with the experimental 
resu l ts .
The numerical techniques developed by Viehland enable the 
mobility and diffusion coefficients of atomic ions to be calculated 
to a predetermined level of accuracy from a knowledge of the ion-atom 
interaction potential in either a functional or a tabulated form. In 
the tabulated form (generally used in this thesis), the potential is 
assumed to be repulsive at the smallest separations tabulated, to have 
a single smooth minimum at intermediate separations and to obey the 
form C4 r “4 at and beyond the largest separation tabulated.
&The transport cross sections Q are determined at a discrete 
set of energies by a method based on classical mechanics.
The value of the potential at  the smallest tabulated separation 
determines the maximum value of E/N for which accurate results can be 
calculated. The minimum energy at which cross sections are calculated 
is about 0.1 of the mean thermal energy of the gas atoms.
The range of separations over which the potentials can be 
determined to the quoted accuracy was determined by adjusting regions 
of the tr ial potential and assessing the impact on the calculated 
mobi 1 i ti es .
7.2 Results
There has been a large number of interaction potentials proposed 
for the systems of interest in this work but only a small fraction of 
these potentials was tested. The selection was based on the range of 
separations over which they are available, the closeness of the 
tabulated separations and how well the parameters rm and e agreed with
127
those of other workers. The unavailability of a tabulated potential 
in the lite ra ture  was often a constraint.
Where possible, a potential derived from each of the categories 
of beam experiment, mobility experiment and theoretical calculation 
was selected.
7.2,1 Li+-He
The L i+-He interaction potential was studied at separations 
between 1 and 10 a.u. (1 a.u. of length is 5.2918x 10_11 m, 1 a.u. 
of energy is 27.211 meV) using the mobility data obtained at 294 K 
at 80 K. The potential obtained is lis ted in Table 7-1.
In order to indicate the quality of the f i t  achieved, the 
percentage difference between the mobilities calculated using the 
present potential and the measured mobilities are plotted as a 
function of E/N in Fig. 7.1 for 294 K and Fig. 7.2 for 80 K. The 
dashed horizontal lines indicate the sum of the experimental error 
and the expected error in the calculated mobilities. Unlike the 
measured mobilities, the calculated mobilities at 294 K show a small 
maximum at a value of E/N of about 4 Td. I t  has been suggested 
(Viehland, 1982a) that such a maximum occurs because the potential 
obtained at large separations was forced to approach the attractive 
long-range form at a separation which was too small. The calculated 
values of k 0 were sensitive to the value of the coefficient C4 of the 
long range part of the potential: a change of 5% in this coefficient
produced changes of 2% in the value of k 0 and could produce a "kink" 
in the calculated mobility curve at low values of E/N.
The mobility values calculated using the three-temperature 
theory converged re la tive ly  slowly at 294 K for values of E/N between 
20 and 30 Td and at 80 K above 11 Td where the k-E/N curve was rising 
rapidly. However, despite this the calculated mobilities using the 
proposed potential for Li+-He converged to within 0.5% for a ll values 
of E/N except in the rapidly rising part of the curve.
TABLE 7-1
The interaction potentials for Li+-He and K+-He
V(a.u.) for
r(a .u.) Li+- He K+-He
0.5 .378(+1)
0.75 - 200(+1 )
1 .0 •106(+1)
1 .25 • 556
1 .50 • 288
1 .75 .148
2.0 . 762(-1 )
2.25 - 366{-1)
2.50 .166(-1) .129
2.75 .611 (-2)
3.0 . 720(-3) .616 (-1)
3.25 - .172(-2)
3.5 -.25 5(-2)
3.75 - . 268(-2)
4.0 -.250(-2) . 642(-2)
4.2
4.25
.359(-2)
4.4 . 169(—2)
4.5 -.184(-2)
4.6 .350(-3)
4.8 -.393(-3)
5.0 -. 130(-2) -.696(-3)
5.2 -.767(-3)
5.3 -.788(-3)
5.4 -,790(-3)
5.5 -.881 (-3) -.777(-3)
5.6 -.755(-3)
5.8 - . 724(-3)
6.0 - . 623(-3) -,667(-3)
6.2 -,624(-3)
6.6 - . 498(-3)
7.0 - .327(-3) - .389(-3)
7.5 -.282(-3)
8.0 - ,190(-3) -,209(-3)
9.0 - .117(-3) -.124(-3)
10.0 -,747(-4) -.784(-3)
11 .0 - ,500(-4)
Note: Numbers in brackets indicate power of 10.
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Fig. 7.1: The differences between m o b il i t ie s  calculated using selected
poten tia ls  and the experimental resu lts  at 294 K fo r  L i+-He.
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2: The differences between m o b il i t ie s  calculated using selected
potentia ls  and the experimental resu lts  a t 80 K fo r  L i+-He.
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Mobilities were calculated using four other interaction 
potentials and compared with the present experimental results.
The relative differences are again plotted as a function of E/N 
in Figs. 7.1 and 7.2. The positions and depths of the potential 
minima for these and other potentials are given in Table 7-2.
The four chosen, the best potentials presently available for Li+-He 
which include the region of the potential minimum, are considered 
to be the CEPA potential of Hariharan and Staemmler (1976), the 
directly determined potential of Gatland, Morrison e t  al. (1977), 
the potential of Viehland (to be published) (both determined from 
transport data) and the potential of Polak-Dingels et  al. (1982) 
which was determined from data obtained in beam experiments.
The electron-gas model potential of Kim and Gordon (1974b) 
underestimates the long-range attractive force, predicting mobilities 
which are too high, but successfully predicts mobilities where the 
values are sensitive to the region of the potential minimum.
The CEPA potential of Hariharan and Staemmler (1976) is 
generally held to be the best available as i t  takes electron 
correlation into account. This potential again overestimates the 
value of the transport coefficients at low to intermediate values 
of E/N. The values of the mobility obtained using the SCF potential 
of these workers are not shown as they are 9 to 15% higher than the 
experimental values at 294 K and 7 to 8% higher at 80 K.
Ion beam measurements are sensitive to the repulsive wall 
of the potential but do not generally yield much information on 
the region of the potential well. I t  is common in the analysis of 
beam studies for the assumption to be made that attractive forces 
are unimportant and typically an exponential repulsive term is fi tted 
to the potential determined from measured cross sections (see, for 
example, Inouye and Kita, 1972). However, using a parametric 
procedure, Polak-Dingels e t  al .  (1982) inferred an interaction 
potential directly from total cross section measurements. This 
potential was extended to include the attractive long-range part 
of the potential. However, their potential gives calculated transport 
coefficients which are in serious disagreement with the present results.
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TABLE 7-2
The well position and depth of proposed 
_________potentials for Li+-He_________
Workers r ( s . u .) m e(a . u . )
Krausset al .  (1971) Hartree-Fock 3.8 .0024
Catlow e t  a l .  (1970) LCA0-SCF-M0 3.75 .00236
Inouye and Kita (1972) Beam Not determined
Kim & Gordon (1974b) Electron gas 3.69 .00254
Hariharan & Staemmler (1976) SCF 3.66 .00248
CEPA 3.63 .00274
van Resandt e t  a l .  (1976) Differential 
Scattering
4.06± 0.28
Gatland e t  al.  (1977) Directly determined 
(mobility data)
3.75 .00270
Waldman & Gordon (1979a) EGDM 3.647 .00257
Lloyd S, Pugh (1978) EG DM 3.609 .00284
Polak-Dingels e t  a l .  (1982) Beam 3.704 .00261
Viehland Directly determined 
(mobili ty  data)
3.75 .00268
Present Mobility data 3.75 .002675
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The potential of Gatland et a l .  (1977) was d irec tly  determined 
from mobility data and the predicted results are in good agreement 
with the present m obilities over most of the range of E/N. The 
mobility data used in the determination of the potential were taken 
at room temperature only and hence the data reflects the form of the 
potential at separations less than 6 a.u. Their potential is most 
accurate (± 5%) between 1.8 and 5.5 a.u. and is fixed to the 
theoretical long range potential. The ite ra tive  technique used by 
Gatland and coworkers is based on the two-temperature theory of ion 
transport, using approximations up to the th ird  order.
The potential of Viehland (to be published) was determined by 
an ite ra tive  procedure involving a direct inversion of the same 
mobility data used by Gatland. Viehland also used the two temperature 
theory to carry out the inversion but a ll calculations of m obilities 
and diffusion coefficients from tr ia l potentials were done using the 
three temperature theory. Viehland used experimental d iffusion 
coeffic ient data where available to assist in determining V(r).
Because the same m obility data were used by both Gatland et a l .  and 
Viehland the derived potentials agree closely at short and intermediate 
separations.
The potential of Viehland and the present potential agree to 
within 4% in the region of the well. The present potential is harder 
than that of Viehland at the repulsive wall and more a ttrac tive  at 
large separations. Correspondingly, the differences between the 
m obilities calculated using the potential of Viehland and the 
experimental results of Chapter 6 are greatest at low and high values 
of E/N.
Most experimental and theoretical potentials are in good 
agreement near the potential minimum. The well depth determined 
from this work is 2 .6 8x l0 -3 a.u. at a separation of 3.75 a.u.
The potential is believed to be in error by less than ±10% at a ll 
separations lis ted  and in error by less than ±5% at separations 
greater than 3.5 a.u. The use of both room temperature and 80 K 
mobility data has enabled the long range part of the potential to 
be probed. Earlier m obility data were available only fo r room
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temperature and hence provide l i t t l e  information on the long range 
part of the potential. Beam experiments cannot probe this part of 
the potential due to the difficulty in making accurate measurements 
at the low energies required. In addition, calculations of the 
theoretical potentials were not designed to be accurate at large 
separations (except where the potential can be represented by a 
Ci+ r~4 term alone). I t  is therefore claimed that the present potential 
is the most accurate one available at large separations.
7,2.2 Li+-flr
The values of the mobility of Li+ ions in Ar presented in 
Chapter 6 of this thesis do not cover a wide enough range of E/N 
values to extend to the mobility maximum. Hence the potential given 
in Table 7-3 is only accurate at separations greater than 5.5 a.u. 
Although at long range the potential is believed to be in error by 
less than ±10%, the depth of the potential could be increased by 
25% and not destroy the agreement with the mobility data. Curve a 
in Fig. 7.3 shows the differences between the experimental mobilities 
and those calculated using a potential with a well depth of .0122 a.u. 
while the potential used for curve b had a well depth of 0.0148 a.u. 
The well depth of the potential listed in Table 7-3 was chosen in 
order to agree with those reported in the li terature.
The calculated mobility results converged to within 0.3% 
at all values of E/N<40 Td but to only 2% at 50 Td. At this value 
of E/N the k-E/N curve is rising rapidly and under these conditions 
convergence problems are common (section 7.3).
Calculations were performed for several other interaction 
potentials in the manner described in the previous section. Fig.
7.3 also compares the values predicted from these potentials with 
the experimental results presented in this thesis.
The best potential available is the Cl potential of Olson and 
Liu (1979). The mobility values predicted using this potential agree 
with the present mobility results over a wide range of E/N. The SCF 
potential of these workers also predicts accurate values for the 
mobility at low values of E/N.
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TABLE 7-3
The in t e r a c t i o n  p o t e n t i a l s fo r  Li+-Ar and K+-Ar
r ( a . u .) Li+-Ar
V(a .u .)  fo r
K+-Ar
3.0 . 633(-1 ) .345
3.2 . 318(-1)
3.4 . 109(-1)
3.6 - .6 7 3 ( -3 )
3.8 - .  714 (-2)
4.0 - . 1 1 6 ( - l ) .619 ( -1)
4.1 - .1 2 1 ( -1 )
4.2 - .  122(-1)
4.3 - .1 2 1 ( -1 )
4.4 - • n  7 ( - 1 ) .228(-1 )
4.6 - .  106(-1) .120(-1)
4.8 - .9 4 0 ( -2 ) . 492(-2)
4.9 .242(-2)
5.0 - .8 4 8 ( -2 ) .506(-3)
5.1 - .  943(-3)
5.2 - . 760{-2) -.209(-2}
5.3 - .  310 (-2)
5.4 - .375 ( -2 )
5.5 - ,434(-2)
5.6 - .  609(-2) - .  470(-2)
5.7 - ,485(-2)
5.8 - .4 90 ( -2 )
5.9 - .4 80 ( -2 )
6.0 - .4 7 2 ( -2 ) - . 465(-2)
6.1 - .450 ( -2 )
6.2 - .4 3 2 ( -2 )
6.4 - .392 ( -2 )
6.5 - .  346 (-  2)
6.6 - . 350(-2)
6.8 - .  315 (-2)
7.0 - .2 5 7 ( -2 ) - .  282(-2)
7.5 - .  213 ( -2)
8.0 - .1 4 9 ( -2 ) - .1 61 ( -2 )
8.5 -.124 (-2)
9.0 - .924 ( -3 ) - .964(-3)
10.0 - .6 0 1 ( -3 )
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Fig. 7.3: The differences between the m o b il i t ie s  calculated from
selected po tentia ls  and the experimental resu lts  at 294 K 
fo r  L i+-Ar.
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Again beam resu lts  do not give information on the region of 
the potentia l probed in the present m ob il i ty  resu lts . (For example, 
the results  o f Inouye and K ita , 1975, extend only to 3.6 a .u . ) .
However, Polak-Dingels et  a l .  (1982) presented a potentia l which 
was tested in the present study. This potential has a well depth 
which agrees with tha t from other beam experiments but predicts 
m ob il i ty  results which are consis tently  lower than those measured.
The potentia l determined by Gatland (1981a) from the m ob il i ty  
data o f Akridge e t  a l .  also predicts m ob il i t ies  which l i e  outside 
the combined erro r l im i ts  o f the present experiment and the 
calcu la tions as does the electron-gas model potential o f Kim and 
Gordon.
The depth and separation o f the potential well fo r  L i+-Ar as 
determined by several investigations is  shown in Table 7-4. The 
present work only probed the range o f separations from 5.5 a.u. and 
hence no values fo r  the well depth and position could be obtained.
7.2.3 K+-He
The potentia l derived in th is  work fo r  K+-He is  l is te d  in 
Table 7-1 and the d ifference between the m o b il i t ies  calculated using 
th is  potentia l and the measured m o b il i t ies  at 294 K and 80 K are 
p lo tted as a function o f E/N in Figures 7.4 and 7.5. The calculated 
results had converged to w ith in  0.2% at both temperatures and at 
a l l  values o f E/N. The present m ob il i ty  results are sens it ive  to 
the in te rac tion  potentia l at separations less than 9 a.u. and down 
to the repulsive w a ll .  The potentia l is believed to be in e rro r by 
less than ± 15% at these separations.
The positions and depths o f the well fo r  various proposed 
potentia ls  are l is te d  in Table 7-5. The potential o f Kim and Gordon 
(1974b) does not reproduce the experimental results at e ith e r temperature 
over the range o f E/N values investigated.
The (12,6,4) potentia l o f Robson and Kumar (1973), which has 
the form proposed by Mason and Schamp, was determined from a study '
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TABLE 7-4
The well p o s it io n  and depth o f 
proposed p o te n t ia ls  fo r  L i+-Ar
Workers r  (a .u .)  m e(a .u .;
Kim & Gordon (1974b) Electron-gas 4.25 .0190
Inouye & Kita (1975) Beam Not determined
Böttner e t  a l .  (1975) Beam .01114
Gianturco (1976) Modified 
electron-gas
3.80 .0165
van Resandt e t  d l .  (1976) D if fe re n t ia l  
Sca ttering
5.01 ± .38
Olson and Liu (1979) SCF 4.54 .00933
Cl 4.49 .00996
Waldman & Gordon (1979a) Scaled e lec tron - 
gas
4.18 .0114
Gatland (1981a) Mob i 1 i ty ~  4.5 ~  .01
Polak-Dingels e t  a l .  (1982) Beam 4.57 .0115
139
Robson and Kumar
Present
^  -2
Kim and Gordon
E/N (Td)
Fig. 7.4: The differences between the mobilities calculated from potentials
and the experimental results at 294 K for K+-He.
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Fig. 7.5: The differences between the mobilities calculated from potentials
and the experimental results at 80 K for K+-He.
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TABLE 7-5
The well position and depth of 
proposed potentials for K+-He
Workers r ( a . u . ) m e ( a . u . )
Robson & Kumar (1973) Mobility (12,6,4) 5.14 .000919
Kim & Gordon (1974b) Electron gas 5.34 .000948
Budenholzer e t  a l . Beam 5.1 .00081
4.7 .00096
5.0 .00081
Present Mobility 5.4 .0008
TABLE 7-6
The well position and depth of 
proposed potentials  for K+-Ar
Workers r (a .u .)  m e(a .u . )
Mason & Schamp (1958) Mobi1i ty 5.67 .000445
Inouye & Kita (1972b) Beam Not determined
Skullerud (1973b) Mobility 5.40 .00050
Kim & Gordon (1974b) Electron-gas 5.84 .000445
Gianturco (1976) Modified electron- 
gas
5.50 .000448
Budenholzer e t  a l .  (1977) Beam 5.57 .00043
Lamm e t  a l .  (1981) Mobility 5.67 .00041-
Present Mobility 5.8 .00049
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of transport data at room temperature th is potential is successful 
in predicting m obilities at a ll values of E/N at 294 K and over a 
wide range of E/N values at 80 K. The data used by these authors 
were only su ffic ien t to f ix  the depth and position of the potential 
minimum and the parameter y was determined theoretically from the 
po la rizab ility  of the gas atom. Robson and Kumar emphasized the need 
for accurate experimental results at a gas temperature below room 
temperature to predict y independently of the po la rizab ility .
7.2.4 K+-Ar
The interaction potential determined in th is work for K+-Ar 
is presented in Table 7-3 and the depth and position of its  well 
are compared with those of other potentials in Table 7-6.
The m obilities calculated from th is potential using the 
methods described in section 7.1 agree with the measured m obility 
of K+ in Ar at 295 K except at values of E/N where the k-E/N curve 
rises rapidly. The difference between the measured m obilities and 
the m obilities calculated using th is potential are plotted in 
Figure 7.6 together with a sim ilar comparison for the K -Ar potentials 
of Kim and Gordon (1974b) and Lamm et a l .  (1981). The potential of 
Kim and Gordon reproduces the experimental data at low and intermediate 
values of E/N. The potential of Lamm et a l .  , obtained from mobility 
data using an ite ra tive  inversion technique gives m obility values in 
agreement with the present data only over a small range of E/N. The 
convergence in the calculations is poor in the region of E/N where 
the mobility curve is  ris ing rapidly.
Again available beam potentials do not extend to large enough 
r to probe the region of the potential well and long-range 
polarization forces.
The room temperature mobility data of this thesis provides 
information on the K+-Ar interaction potential at separations 
between the region of the potential well and 10 a.u. The present 
potential is estimated to be in error by less than ± 10% at large 
separations and ± 15% in the region of the minimum and partic le  
separations less than 5 a.u.
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Present
Kim Gordon
E/N (Td)
Fig.  7 .6 :  The d i f f e r e n c e s  between m o b i l i t i e s  c a lc u la t e d  using
se le c te d  p o t e n t i a l s  and the  experimental  r e s u l t s  a t  
295 K f o r  K+-A r .
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7.3 Discussion
The two ions and two gases chosen for study have enabled the 
effects of trends in the size and position of the minima in the ion- 
atom interaction potential to be seen. The choice of atoms He, 
approximating a hard elastic sphere, and Ar, a highly polarizable 
atom for which polarization forces are expected to be dominant, 
allows the effect of the polarizability of the neutral on the interaction 
potential (and hence the transport behaviour of ions in gases) to be 
clearly seen. The large difference in the effective ion radii of Li+ 
and K+ display the effects of ion size.
The height of the mobility maximum over the zero field value 
is related to a decrease in the cross section against energy curve.
The cross section Q shows a decrease at intermediate energies due 
in the partial compensation of the attractive and repulsive forces 
which dominate the low and high speed behaviour respectively. The 
attractive and repulsive forces give phase shifts of opposite sign 
and thus compensate with increased gas transparency for a small range 
of energies. An increase in the well depth increases the height of 
the mobility maximum above k 0 and broadens the range of energies 
over which the attractive and repulsive forces balance. The height 
of the maximum is also larger i f  the repulsive wall is "soft" and 
can compensate the polarization attraction over a wider range of 
energies.(Mason and Schamp (1958)()
In Figures7.7 and 7.8 the interaction potentials for the two 
ions Li+ and K+ are plotted for the atoms He and Ar respectively.
The trends in well depth and position can be seen clearly. For a 
given gas, the long range attractive part of the potential is fixed 
by the polarizability of atom. The repulsive wall of the potential 
is influenced strongly by the effective ion radius and the parameter 
a (where V(a)= 0) increases with this radius. Consequently, for a 
given atom, the position of the potential minimum rm increases with 
the effective ion radius and the depth decreases. This is often 
expressed as the range over which the repulsive and attractive 
forces "cancel" and i t  is the range of this cancelation which 
determines the height of the maximum in the curve of k-E/N at a 
given gas temperature.
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V (a . u .)
8 r ( a . u . )
- .001
- .002
-.003
Fig. 7.7: The interact ion potent ials  for Li+-He and
K+-He.
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r ( a . u . )
V(a.u.)
-.002
-.004
-.006
-.008
- .010
- .012
Fig. 7.8: The interaction potent ials  for Li+-Ar and K+-Ar
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At a particular value of E/N the mobility is particularly 
sensitive to a small region of the interaction potential. At low 
centre of mass energies the region of the potential probed is at 
large separations and a small change in the collision energy can 
result in a large difference in the particle separation r.
In using kinetic theories of ion transport, including the 
three-temperature theory, poor convergence has often been observed 
at intermediate values of E/N where the calculated mobilities are 
rising rapidly towards their maximum values. I t  has been suggested 
(Viehland, 1982a) that this occurs when the region of the potential 
being probed is that at separations greater than that at the minimum 
but shorter than that where the long range behaviour is obeyed. In 
this region the potential is varying rapidly.
Although a potential determined by the technique described 
above may be used to accurately predict experimental data, the 
question of uniqueness s t i l l  arises. Clearly, the error bounds which 
can be placed on a derived potential are determined by the error in 
the transport coefficients. The problem of uniqueness of derived 
potentials has been discussed by Viehland et  dl .  (1976) and Gatland 
(1981b).
The accuracy of the three temperature theory has been investigated 
by the use of models (Viehland et^  al_. 1976) and shown to give good 
agreement with known transport coefficient values. Viehland has 
indicated that he expects the mobility values to be calculated in 
practical cases with an uncertainty of less than 1% using the three 
temperature theory.
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CHAPTER 8: CLUSTERING REACTIONS
The techniques used in previous s tu d ie s  of the c l u s t e r i n g  of 
a lk a l i  ions to gas atoms have been d iscussed in Chapter 4. In t h i s  
chapter  a p a r t i c u l a r  c l u s t e r i n g  r e a c t i o n ,  t h a t  to form Li+ .He, i s  
considered.  The measurement o f  the  re a c t io n  r a t e  i s  p a r t  o f  the  general 
study o f  the behaviour o f  Li+ ions in He a t  80 K. Because of  the  low 
p o l a r i z a b i l i t y  of helium, the  Li+ .He c l u s t e r  ion has a small binding 
energy (o f  the  order o f  70 meV; see Chapter 7) and a t  room temperature  
the re  was no evidence,  e i t h e r  in the  ATS or mass scans ,  o f  the  presence 
of t h i s  c l u s t e r  ion. This i s  due to the cen t re  of  mass energy being 
s u f f i c i e n t l y  high a t  room temperature  t h a t  the r a t e  of  formation of  
c l u s t e r  ions i s  small and to the f a c t  t h a t  any c l u s t e r  ions formed 
become quickly  d i s so c ia t e d  by c o l l i s i o n s .  To obta in  a s i g n i f i c a n t  
popula tion of Li+ .He ions i t  was necessary  to lower the c en t r e  of mass 
energy by opera t ing  a t  low gas temperatures  (in the p re sen t  case 80 K) 
and a t  low values o f  E/N.
8.1 The Arrival  Time Spectrum in the Presence of C lus te r ing
The presence o f  c l u s t e r i n g  r e a c t io n  d i s t o r t s  the peaks in the  ATS 
from a gaussian  shape. The form of the  spec t ra  depends on the  d r i f t  
leng th ,  the  gas number d e n s i ty ,  the  value of  E/N (and t h e r e f o r e  the 
d i s t r i b u t i o n  o f  ion energ ies )  and the r e a c t io n  r a t e  ki .
The equation f o r  the primary c lu s t e r i n g  of He to Li+ is
Li+ + He + He U Li+ .He + He . (8 .1 .1 )
and the s o lu t io n  o f  the  r a t e  equat ion desc r ib ing  the dep le t ion  of  parent  
ion spec ies  i s
[Li+]^  = [L i+]^ exp{-k1N2t} (8 .1 .2 )
v [Li+]P
ki = _d r  in
N2d [u* i ;
(8 .1 ,3 )
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where [ ] indicates the number density.
Before discussing the use of equation (8.1.3) we consider the 
form of the experimental arriva l time spectra to which this relation 
w ill be applied.
8.1.1 Discussion of Spectra
The spectra observed can be grouped into three d is tin c t classes 
characterised by:
(a) s ign ifican t clustering before the f i r s t  operating 
shutter of the d r i f t  region and negligible clustering 
in the d r i f t  region;
(b) negligible clustering before the f i r s t  shutter and 
s ign ifican t clustering in the d r i f t  region and
(c) s ig n if ic a n t clustering both before the f i r s t  shutter 
and in the d r i f t  region.
All spectra were taken using the experimental technique and data 
handling system described in Chapter 5. The spectra were taken using 
the ex it plate as the current collector and the iden tity  of the ions 
established as described in section 8.1.2. In the discussion of the 
spectra the " d r i f t  length" w ill refer to the distance between the two 
operating shutters and the "approach region" w ill refer to the distance 
between the ion entrance aperture and the f i r s t  operating shutter. The 
classes of spectra are now discussed in de ta il.
Class (a) Spectra
When there is s ign ifican t clustering before the f i r s t  operating 
shutter of the d r i f t  region and negligible clustering in the d r i f t  
region, the peaks due to L i+ and L i+.He ions are undistorted and the 
observed ATS is the sum of two peak systems (Fig. 8.1a). In the 
present experimental configuration, th is situation arises when using 
the 3cm d r i f t  length to measure the ATS. This d r i f t  region has a long 
approach region of 10cm and under favourable conditions for clustering 
a sign ificant number of clusters are formed in this region. The spectra
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a) 7 Td
Li .He
b) 4.5 Td
Li .He
Li .He
• Li . 2He
Li .He
Li .He
• Li . 2He :
Fig. 8.1: ATS fo r  L i+-He at 2 Torr and 80 K using the 3 cm d r i f t  region.
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obtained under these conditions resemble those obtained by Munson and 
Tyndall (section 4.2.1) who used the ratio of the peak heights for the 
determination of reaction rate coefficients.
If the gas number density is held constant and the value of 
E/N in the d r if t  tube is decreased (causing a decrease in both the 
average ion energy and the residence time of the ions) the heights of 
the Li+.He ion peaks increase and peaks arising from the presence of 
higher order clusters (e.g. Li+.2He) appear if  the abundance of Li .He 
ions in the approach region is sufficiently large (Fig. 8.1a,b,c). 
Furthermore, a small plateau appears between the cluster and parent 
ion peaks. The plateau arises from the contribution of ions which 
cluster in the dr if t  length. That is,  these ions travel part of the 
d r if t  length as the parent ion and part as the more slowly moving 
cluster.
If the value of E/N is held constant and the gas number density 
increased the clustering rate, both in the approach region and in the 
dr if t  length, increases with N2. This is demonstrated in Fig. 8.2.
As the gas pressure is increased, the height and area of the Li .He 
peak increases and eventually dominates the spectrum. Contributions 
from Li+.2He and Li+.3He can be seen clearly. As the peak number 
increases, there is significant peak overlap and the higher order 
cluster peaks lie under the parent ion peak.
Class (b) Spectra
Under conditions where clustering is negligible in the approach 
region but significant in the dr if t  region, the spectra have a very 
different form to that discussed above. Such spectra were obtained 
using a 9cm dr if t  length and an approach distance of only 1cm. Large 
gaussian peaks due to Li+ ions appear at the harmonics of the shutter 
signal frequency corresponding to the dr if t  velocity of the parent ions 
and each has a "reactant foot" arising from the ions which have 
clustered in the dr if t  region. The size of this foot increases as 
the value of E/N in the d r i f t  region is decreased (see Fig. 8.3; gas 
pressure kept constant) or as the gas pressure is increased (Fig. 8.4; 
value of E/N kept constant).
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a) 1 Torr
Li .He
Li .He
Li .He
b) 2 Torr
Li .He
Li .He
Li .He
Li .2He
Li .He c) 3 Torr
Li .He
Li .He
Li .2He *
Li' . 3He
Fig. 8.2: ATS for Li+-He at 3 Td and 80 K
using the 3 cm d r i f t  region.
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Fig. 8 .3 : ATS fo r  L i+-He a t 80 K and 2 To rr ,  9 cm.
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a) 2.5 Torr
b) 3.1 Torr
Fig. 8.4: ATS for Li+-He a t  80 K and 3 Td using the 9 cm d r i f t  region.
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This reactant foot has its  maximum height at a frequency 
corresponding to the pasage of clusters which are formed at the f i r s t  
shutter and do not dissociate in the d r i f t  region. The slope of the 
reactant ta il is due to the fact that the maximum number of L i+.He ions 
are formed where the L i+ number density is greatest, i.e . at the f i r s t  
shutter.
I f  the reaction rate for the dissociation of the clusters is 
neglig ible, the slope of the reactant foot depends on the reaction 
rate
a = kiN2 (8.1.4)
where ki is a function of the value of E/N. Thus as the value of E/N 
is decreased or the gas pressure is increased a increases and both 
the area and the slope of the reactant foot increase (Fig. 8.3 and 8.4).
Class (c) Spectra
Both of the spectra types discussed above were analysed in the 
present work to determine reaction coefficients fo r the clustering of 
He to Li + . The th ird  type which is not used here (but was used by 
Takebe e t  a l .  1979, 1982) was obtained under conditions where there was 
sign ifican t clustering both before the f i r s t  shutter and in the d r i f t  
region. Such spectra are the superimposition of the two classes of 
spectra discussed above and the general features are shown in Fig. 8.5. 
The contributions from ions which do not react in the d r i f t  region, 
both cluster and parent ions, are represented by dashed lines. These 
contributions are the gaussians of the f i r s t  type of spectra 
positioned on the frequencies corresponding to the ir respective d r i f t  
velocities while the plateau characterising the second class of spectra 
dominates the intermediate frequencies. In the present experimental 
configuration, th is type of spectrum was only obtained when the 9cm 
d r i f t  distance was used (to provide a su ffic ie n tly  long reaction d r i f t  
length) and a low value of E/N existed in both the 1cm approach length 
and above the ion entrance plate.
These spectra were not used in the present work because they 
were obtained under conditions where a s ign ifican t number of clusters .
155
Li
A'
Li+.He
I .
Li+.2He
f \
1 \  
J.____ k
/
L I
\.
\
\
v 1
Fig. 8.5: ATS showing effect of significant clustering
in both approach and drif t  regions. The 
contributions of Li ions and Li+.He clusters 
which traverse the drif t  region without 
reacting are indicated by dashed lines.
(Li -He, 2.5 Td, 2 Torr, 9 cm).
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entered the dr if t  tube through the ion entrance hole. The present 
method for obtaining ki assumes that no clusters enter the d r if t  tube 
from the ion source.
Takebe e t  al. have shown that spectra of the type shown in 
Fig. 8.5 can be used to obtain ki by successive subtractions (as 
described in section 4.2.4). Attempts made to analyse the present 
class (c) spectra to obtain ki were unsuccessful because the approach 
region was too short to allow a large enough population of cluster ions 
to enter the dr if t  region. This resulted in a large uncertainty in the 
isolated cluster spectra obtained by the subtraction of two spectra. A 
longer approach length is required before this subtraction technique can 
be used.
8.1.2 The Identification of Ion Species
The various peaks in the ATS were in it ia l ly  identified by their 
dependence on the gas number density and the value of E/N. The clustering 
reactions are 3-body reactions and hence the heights of the cluster peaks 
(or more accurately their areas), which are assumed proportional to the 
ion number density, increase as N2. Correspondingly, the heights of 
the parent ion peaks decrease as N is increased. The heights of the 
cluster ion peaks decrease as the value of E/N is increased.
The quadrupole mass spectrometer was also used to identify the
ion species observed in the ATS. Although the parent ion Li+ and the
primary cluster ion Li+.He (and low levels of Li+.2He) were observed with
the mass spectrometer, higher order clusters were not seen in the mass
scans due to their low abundance and the possible dissociation in the
+ + +analyser. A mass scan featuring Li , Li .He and Li .2He peaks is 
shown in Fig. 8.6. The problems of mass discrimination and reactions 
in the transition and analysis regions of the apparatus are discussed 
in section 8.3.
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Li .He
Li . 2He
+ + +Fig. 8.6: Mass scan featuring Li , Li .He and Li .2He and
obtained for Li+ in 3 Torr of He and an E/N value 
of 3 Td.
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8.2 Analysis of ATS to Determine Reaction Rate Coefficients
Although the technique used in this thesis is based upon the 
"peak area" method of Takebe et al., i t  is d iffe ren t in implementation 
and w ill therefore be discussed in some de ta il.
8.2.1 Description of Method
As described in the preceding section the measured ATS's used 
for th is analysis take two main forms, depending on whether s ign ifican t 
clustering occurred before the f i r s t  shutter or in the d r i f t  region.
In the ensuing discussion these w ill be classified as having been 
obtained using the 3cm or 9cm d r i f t  distance respectively. The details 
of the analysis d iffe r  s lig h tly  from one to the other due to the 
d iffe ring  features displayed by the two types of spectra.
In both cases, the ATS data recorded as a function of frequency f  
must f i r s t  be transformed to give a spectrum of current against d r i f t  
time t  (where t= l /2 f ) .  Examples of current peaks in inverted spectra 
taken at 5 Td and 2 Torr are shown in Figs. 8.7a and 8.7b fo r the 3cm 
and 9cm d r i f t  lengths respectively.
The method of analysis is based on the use of equation (8,1.3), 
The ratio  of the tota l ion number density ( [L i+]^ + [Li + .He]^.) to the 
non-reacting lith ium  ion number density C[Li+]P) is assumed to be equal 
to the ratio  of the total area under the composite peak to the area 
under the non-reacting parent ion peak, that is , the ra tio  of the total 
number of ions (assumed conserved) to the number of Li+ions which have 
not reacted. For th is  ratio  to be used in the expression for ki there 
must be negligible clustering before the ions enter the d r i f t  tube.
In the case where negligible clustering occurs in the d r i f t  
region between the shutters (Fig. 8.7a) the determination of this 
ra tio  is not d i f f ic u l t ;  the areas of the two peaks can be determined 
independently and the sum of the areas under the two peaks is divided 
by the area of the parent ion peak.
I f  s ign ifican t clustering occurs in the d r i f t  region i t  is more 
d if f ic u lt  to isolate the contribution of those ions which do not react.
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a) 3 cm
b) 9 cm
Fig. 8.7: A n i v a l  time data as a funct ion of time 
f o r  Li in 2 Torr o f  He at 5 Td and 80 K.
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The contributions of the non-reacting ions and those which cluster in 
the drif t  region are indicated by dashed lines in Fig. 8.7b. The ratio 
required is that of the total peak area to the area of the isolated 
non-reacting parent ion gaussian.
8.2.2 Details of Analysis
As discussed in Chapter 5, program TRUEATS retrieves the ATS data 
as a function of frequency which was stored on diskette and converts the 
frequencies to d r i f t  times in preparation for the clustering analysis.
The dr if t  times and associated current levels are written into a new 
data f i le .  A constant frequency increment is used in the acquisition 
of the current-frequency spectrum and hence the associated time intervals 
decrease monotonically. The data from all peaks in the ATS are inverted 
and stored in the one f i le .
The analysis programs discussed here can be directed to use 
either the raw data or the current normalized data.
The program of main interest, TRÄTE, is used to analyse inverted 
arrival time data corresponding to a chosen peak in the frequency ATS.
The total d r i f t  or reaction distance is taken to be the distance from 
the plane at which the ions enter the d r if t  tube to the second shutter. 
The drif t  velocity is determined from the position of the parent ion 
peak in the spectrum but, i f  desired for consistency checks, the value 
for the dr if t  velocity obtained from other measurements can be entered 
explicitly.
The total area of the peak system is determined by a simple 
summing integration over the entire peak.
To isolate the parent ion peak, frequencies corresponding to 
times t i ,  t 2 and t 3 (the top of the parent ion peak, the edge of the 
parent peak and the peak of the cluster contribution) in Fig. 8.7b are 
entered. These entries need only be approximate and assist  in the 
division of the spectrum into its  integral parts. A straight line is 
f i r s t  f it ted to the segment t 2 to t 3 and the contribution from the 
reaction foot subtracted from half of the parent ion peak (t> t i)
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using the equation of the straight line to determine the bias to be 
subtracted from each data point. The area under the half peak is now 
determined and doubled to find the area of the parent peak.
The ratio of these areas is calculated and the reaction rate 
coefficient ki for the clustering reaction is calculated for the 
conditions under which the ATS was measured. Contributions to the 
spectrum from higher order clusters do not affect the determination 
of the primary ion peak area as these appear at longer times in the 
ATS than the cluster peak and hence do not influence the shape of the 
parent peak. The contribution to the total ion current of higher order 
clusters is of course included in the determination of the total peak 
area.
I t  was found that analysing arrival time spectra expressed in 
terms of frequency in a similar manner to that described above, gave 
results which agreed with those obtained from the use of inverted 
spectra.
8.2.3 Validity of Assumptions Made in Method
The following assumptions are made in this method;
(a) no ions are lost ,
(b) the transmission of ions by the shutters is independent 
of ion mass,
(c) only clustered ions pass through the entry aperture,
(d) diffusion can be ignored.
These assumptions will now be discussed in detail.
Assumption (a)
As the ion stream broadens by diffusion, the fraction of the 
stream lost from the dr if t  region at a given plane to the radial walls 
should depend on the distance from the ion entrance hole, a greater 
fraction of the total ion population being lost from the 3cm dr if t  
length which is further downstream from the ion source. Furthermore,
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due to th e ir  greater d if fu s ion  c o e ff ic ie n t ,  parent ions would be 
p re fe re n t ia l ly  lo s t .  A simple ca lcu la tion  fo r  the spread of the ion 
stream under the conditions used indicates that less than 1% o f the 
ion stream is lo s t  by d if fu s io n  to the edge o f the shutter aperture.
This is  supported by the observation that the results  do not depend 
on the d r i f t  distance used to measure the ATS.
Assumption (b)
I t  is  assumed tha t the shutters have the same transmission 
cha rac te r is t ics  fo r  L i+ and Li .He ions. The evidence supporting 
th is  assumption is as fo llows:
( i )  the c u t -o f f  curves fo r  the two ions L i+ and K+,
which have a much larger mass difference than is  
+ +the case fo r  Li and Li .He, are s im ila r (Fig. 5.9a 
of Chapter 5)
and
( i i )  the f in a l  resu lts  are independent o f the peak-to-peak 
voltage applied to the shutters. Fig. 8.8 shows the 
value o f ki determined as a function o f the peak-to-peak 
shutter voltage at an E/N value o f 2 Td and a pressure 
o f 2 Torr o f He. These results  were obtained using the 
9 cm d r i f t  distance.
Assumption (c )
The measured reaction rates were not dependent on the value o f 
E/N in the region between the ion source and the entrance aperture of 
the d r i f t  tube and thus i t  can be assumed tha t a neg lig ib le  number of 
ion c lusters entered the d r i f t  tube. To demonstrate th is ,  Fig. 8.9 
shows the reaction rate c o e f f ic ie n t  determined at 2 Torr and 5 Td as 
a function o f the to ta l voltage between the ion source and the entrance 
aperture. The independence o f ki on E/N above the entry aperture also 
shows tha t the measurements were made under conditions where the ions 
entering the d r i f t  tube equ il ib ra ted quickly to the energy d is tr ib u t io n s  
appropriate to the value of E/N in the d r i f t  tube.
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M i o
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32 6 -1
V (Volts) 
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Fig. 8.8: Measured reaction rate coefficient.
k i  as a function of peak-to-peak 
shutter voltage (E/N = 2 Td, p = 2 Torr, 
d = 9 cm).
32 6 -1
Total voltage in source region
Fig. 8.9: Measured reaction rate coefficient kx
as a function of the total voltage 
between the ion source and the entrance 
aperture (E/N = 2 Td, p = 2 Torr).
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Assumption (d)
The effect of longitudinal diffusion can be ignored i f  the peak 
width is small compared with the tran s it time of the ions through the 
d r i f t  region. This effect is largely self-cancelling since the effect 
on the analysis of those ions arriv ing la te r than the time t= d/v^ is 
largely cancelled by ions arriv ing ea rlie r. Diffusion effects are 
pressure dependent but no s ign ifican t change was seen in the values 
of ki at d iffe ren t pressures. The independence of the results on d r i f t  
distance further validates th is assumption. Lateral diffusion is not a 
concern as the large diameter of the collector ensures that a ll ions 
are collected.
The gas number density is assumed constant throughout the d r i f t  
region. To reduce problems associated with variations in the gas number 
density in the d r i f t  tube, measurements were taken only when the temperature 
difference between the ends of the d r i f t  tube, as indicated by the 
thermocouples, was less than 0.5%.
For s im p lic ity  the preceding discussion assumed that the reaction 
rate for the dissociation of the primary ion cluster was neglig ible.
However th is assumption is not im p lic it in th is method for the 
determination of the reaction rate coeffic ient for the clustering 
reaction (8.2.1). We are only interested in the ra tio  of the number 
density for non-reacting ions to the total ion number density. Once 
the ion has reacted in the d r i f t  region, i t  is of no concern whether 
i t  undergoes further reactions such as a dissociation reaction or a 
further clustering reaction to form a higher order cluster since a ll 
such product ions are taken into account in the measurement of the 
total ion current. Any product ion travels fo r some time as a cluster 
ion. Such ions are thus removed from the peak arising from the d r i f t  
of non-reacting parent ions.
I t  should be mentioned, however, that the reaction rate for 
dissociation of the primary cluster is small under the conditions 
of interest in this thesis. A s ign ifican t level of dissociation 
would d is to rt cluster ion peaks in the ATS from the gaussian, making 
them asymmetrical. S ignificant d istortion was not observed (e.g. Fig..
8 . 1 ) .
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8.3 Mass Discrimination Effects
Mass discrimination effects are introduced when ions are sampled 
from a drif t  tube and mass analysed. There is now a significant 
l i terature on this topic (see Helm et  al .  1980). Although mass 
discrimination errors are not important in the work described in this 
thesis, since the ions are sampled and mass analysed only to identify 
the species present, they are of major importance in experiments which 
measure the relative abundance of different ion species after removing 
the ions from the d r if t  tube. Since such methods compete with the 
present technique for the investigation of reaction rates a discussion 
of mass discrimination is appropriate here.
Mass discrimination occurs in transmission of the ions through 
the exit hole of the d r if t  tube, the passage of the ions through the
ion lens, and in the mass spectrometer i t se l f  (see, for example, Mi Hoy
and Elford, 1975). Furthermore, errors may be introduced into the 
determination of the relative abundances of various ion species due to 
the presence of association and dissociation reactions in the transition 
region. During the present work mass discrimination effects in the 
transmission of ions and the effects of reactions in the sampling region 
were observed.
In Fig. 8.10 two arrival time spectra for Li+ in 2 Torr of He 
at 80 K and 6 Td are compared. The ion current for spectrum (a) was
measured at the exit plate of the d r if t  tube (using the computer program
ARVTIME) while spectrum (b) was obtained using the electron multiplier 
(using CARVTIME) with the mass spectrometer in "total pressure" mode.
In principle, the mass spectrometer should transmit all the incident 
ions when operated in this mode. Comparison of these spectra shows 
that the sampling and analysis region discriminated in favour of the 
more massive cluster ions, the relative size of the cluster ion peaks 
in the spectrum obtained at the multiplier being greater than in the 
spectrum measured at the exit plate. This agrees with the general 
findings of Mi Hoy and Elford.
Such a change in the relative sizes of the peaks is due to the 
attenuation of the current corresponding to one of the ion species
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Exit Plate
b) Multiplier
f ( khz)
Fig. 8.10: ATS for Li+ in 2 Torr of He at 80 K
and 6 Td measured at a) the exit plate 
and b) the multiplier with the mass 
spectrometer in total pressure mode.
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(in this case Li+) and is not due to an association or dissociation 
reaction occurring in the sampling region; the presence of a reaction 
which changed the identity of some of the ions in the sampling region 
would not alter the contribution of these ions to the ATS. The ions 
contribute to the ATS according to their identity in the dr if t  region 
and not at  the time of sampling. The effect illustrated in Fig. 8.10 
is therefore a mass discrimination effect.
Evidence for the presence of reactions in the sampling region 
was also obtained. An ATS measured at the exit plate of the d r i f t  tube 
(under the conditions of 2 Torr and 6 Td using the 3cm dr if t  length) 
is shown in Fig. 8.11a and the corresponding mass analysed spectra 
recorded at the multiplier appear in Figs. 8.11b and 8.11c.
When the mass spectrometer selected a mass of 7 amu (the Li+ 
ion), a single pure peak system corresponding to the passage of ions 
through the dr if t  region with a d r if t  velocity corresponding to that 
of Li+ ions was observed. However when mass 11 (the mass of the Li+.He 
cluster) was selected, peaks appeared at the frequencies corresponding 
to the d r i f t  velocities of both species. That is,  a fraction of the 
ions which traverse the d r if t  region as Li+ ions cluster in the sampling 
region and reach the mass spectrometer as clusters. In this case, the 
peaks in the ATS due to such ions are la rg er  than those arising from 
ions which travel through both the d r if t  and sampling regions as 
cluster ions. The absence of peaks at  the cluster ion frequency in 
the 7 amu spectrum indicates that, under these conditions, there is 
negligible dissociation of clusters in the sampling region.
Further evidence for clustering reactions in the sampling region 
was obtained during room temperature measurements of the mobility of 
Li+ in He. The measured ATS displayed peaks corresponding to one ion 
species only, the Li+ ion. However mass scans indicated that a second 
ion species, Li+.C0 (or less probably Li+.N2)was present at the mass 
spectrometer. Although only very low levels of gas contaminants were 
present polar contaminants cluster particularly readily to Li+ ions 
in the expanding stream of gas and ions leaving the d r if t  region.
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a) Exit plate
Li .He Li .He
b) Mass 7
c) Mass 11
(Li .He)Li .HeLi .He
12 f(khz)
Fig. 8.11: Arrival time spectra for Li+ in 2 Torr of
He and 6 Td using the 3 cm drift length 
measured a) at the exit plate b) at the 
multiplier with Li+ selected and c) at the 
multiplier with Li+.He selected.
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The presence of such mass discr imination effects and the 
p o s s ib i l i t y  of reactions in the sampling regions of a DTMS have 
serious ramif icat ions fo r  any method used to measure reaction rates 
which re l ies  on the determination of the re la t ive  abundance of the 
parent and product ion species a f te r  sampling. For such a method to 
be accurate the magnitude of the mass discr imination ef fects  and the 
rates of reactions in the sampling region must be known.
8.4 Results
The present resu lts fo r  the reaction rate c o e f f ic ie n t  kx fo r  
the primary c lustering of He to L i+ are given in Table 8-1 and plotted 
in Fig. 8.12. The energies are calculated from a knowledge of  the gas 
temperature and the ion ic d r i f t  ve loc i ty  using the Wannier expression 
(2 .5 .2) .  The resul ts  taken at  d i f fe re n t  pressures are shown separately 
and include measurements using d r i f t  distances of  3, 9 and 12cm and 
d i f fe re n t  peaks of the ATS. The l in e  plotted in Fig. 8.12 is a f i t  to 
a l l  the raw data using a l inea r  least squares f i t .  The f i t  is  weighted 
towards the resul ts of  pressure at  which most of the data was taken, 
i . e .  2.093 Torr.
TABLE 8-1
The Reaction Rate Coeff ic ient  ki fo r  the Primary 
Clustering of He to L i+ as a function of Mean 
Centre of Mass Energy.
ki (10-32 cm6 s_1) fo r  p (Torr) of
e (meV) 1 .007 2.093 2.480
10.5 2.1
10.65 2.27
10.8 1 .7 1 .22
11.3 1 .37 1 .14
11 .5 1 .1
11 .8 1 .06 0.84
11 .9 0.99
12.5 0.73
13.2 0.49
15.4 <0.25
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Fig. 8.12: The reaction rate coefficient for the 
primary clustering of He to Li+.
O 1.007 Torr 
® 2.093 Torr 
A 2.480 Torr 
A 3.100 Torr
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The value lis ted  in the table for a pressure of 1 Torr and a 
centre of mass energy of 15.4 meV (corresponding to an E/N value of 
9 Td for L i+ in He at 80 K) is an estimated upper l im it  to the reaction 
rate coeffic ient kx. Under these conditions, the cluster peak in the 
ATS is small and hence small uncertainties in the determination of the 
area of the cluster peak can give large re lative errors in the 
determination of the logarithm of the ra tio  of the total peak area to 
the area of the cluster peak.
The agreement between the results determined from the d iffe ren t 
d r i f t  distances is within the experimental scatter. The results obtained 
using the second and th ird  peaks of the measured ATS also agree although, 
as for the mobility studies (Chapter 6), the results from the f i r s t  peak 
of the ATS did not agree as well. The scatter in the raw data is 
generally less than ± 20% at a ll energies reported except fo r 15.4 meV 
where the scatter in the results is ± 50% for the reason given above.
The estimates of the maximum errors in the reaction rate 
coefficients are lis ted  in Table 8-2 and arise from two sources.
F irs t there are the errors arising from determination of the experimental 
parameters. These errors are at most 1.5% and are small compared with 
the other errors present. The error associated with the determination 
of the ion d r i f t  velocity is larger but is s t i l l  not the dominating 
uncertainty. The major contribution to the total uncertainty is the 
error in the estimate in the ra tio  of the cluster ion population to 
the total ion population at the end of the d r i f t  region. This error 
increases with the decrease in the size of the cluster ion peak and 
hence the experimental uncertainty in the determination of the reaction 
rate coeffic ient fo r clustering increases with decreasing reaction rate.
The error is of the order of magnitude of the scatter in the 
resu lts .
The error lim its  usually quoted for three-body reaction rate 
coefficients determined experimentally which are three orders of 
magnitude greater than that investigated in this thesis are typ ica lly  
of the order of 25% to 50% although i t  is not uncommon for lim its  of 
an order of magnitude to be tabled (see fo r example A lb ritton , 1978b).-
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TABLE 8-2
Source o f Error Type o f Error Maximum Effect on ki(%)
Temperature 1 .0
Pressure random .02
systematic .1
D r i f t  ve loc ity .2
[Li+]P
In
[Li+l t
random 25.*
26%
* This e rro r is 50% fo r  k i ~ 3 x ! 0 -33 cm6 s_1.
The e f fe c t  of possible gas contamination requires some comment.
As was mentioned previously, due to the low binding energy o f the L i+ .He 
c lus te r these experiments were performed at 80 K. Working a t low 
temperatures has an advantage in tha t the level o f gaseous contaminants 
such as C02 and H20 are reduced by the trapping e f fe c t  o f the cold 
apparatus w a lls . The a b i l i t y  o f other gas contaminant molecules (which 
are not trapped) such as N2 and CO to c lus te r to small ions can a f fe c t  
measurements o f  ion-atom reactions by depleting the parent ion population 
(Chapter 6). For example, the reaction rate fo r  the reaction
L i+ + N2 + He + L i+ .N2 + He (8.4.1)
has been measured to be 8x 10“ 31 cm6 s-1 ± 30% at energies o f about 
40 meV (Spears and Ferguson, 1973). This rate would be increased at 
the lower centre o f mass energies considered in th is  thesis.
The presence o f a s ig n if ic a n t  level o f contaminants could 
therefore inva lida te  the measured reaction rate c o e ff ic ie n ts .  The 
mass analysis f a c i l i t y  o f the apparatus used in th is  study provided 
a means by which the ion species in the d r i f t  and reaction region could 
be monitored and the presence o f contaminant ion species detected. No 
data was taken at 80 K when the mass scans displayed a s ig n i f ic a n t  level 
of contaminants.
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The upper limit for the dissociation rate coefficient k -j has 
also been estimated from the ATS recorded in this study. The presence 
of a backreaction will distort the cluster ion peak in the ATS from a 
gaussian. Under all conditions reported in this study the peaks in the 
ATS were fit ted well by a gaussian and the dissociation rate coefficient 
is estimated to have a value less than 10~14 cm3 s"1 at these energies.
The f i r s t  recorded mention of the Li+.He cluster ion was by 
Munson and Hoselitz (1939). They did not observe the cluster ion 
directly but inferred its  presence from low temperature mobility 
measurements.
The only other known observation of the LitHe cluster was 
reported by Keller and Niles (1971) and more fully by Colonna-Romano 
and Keller (1976). Using a DTMS of variable length (7.5 to 44cm) at 
319 K, a pressure of 1 Torr, a value of E/N of 18 Td and a current 
ratio method, these workers determined the equilibrium constant K^ 
to be of the order of 10“22 cm3 at a mean ion energy of 50 meV.
Because of the problems of mass discrimination and reactions in the 
sampling region which were discussed in Section 8.3 their value of 
K^ must be regarded with caution.
Using the results of this thesis, an estimate of the lower limit 
for the equilibrium constant at mean ion energies of about 12 meV is 
10"19 cm3.
8.5 Discussion
8.5.1 Value of Technique
The technique for the determination of reaction rate coefficients 
discussed in this thesis is particularly suitable for use with a 
conventional dr if t  tube ( i .e .  without a mass spectrometer). The primary 
advantage of the technique is i ts  simplicity. Unlike methods involving 
dr if t  tube models, this technique does not require sophisticated 
computing methods and the mobilities and diffusion coefficients can be 
determined independently of the reaction rates.
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When a DTMS is available, the present technique can s t i l l  compete 
with methods which involve ion sampling and f it t ing to current transients 
because of the absence of mass discrimination effects.
The method does, however, have several disadvantages. The lack 
of direct mass identification can be a problem although i t  was avoided 
in this work by use of the mass analysis capability of the apparatus.
No such direct checks could be made in the work of Takebe et  al.
The method is limited to cases where only a single forward reaction 
channel and a single back reaction channel are present. In the presence 
of a second reaction, the method can merely provide an upper limit to 
the reaction rate coefficient unless the contributions of the various 
ion species can be clearly identified. Furthermore, if  more than one 
reaction channel yielding a given ion species is available the method 
can do no more than give information on the sum of the rates.
The present technique also relies upon the d r if t  velocities of 
the ion species being significantly different. If the d r i f t  velocities 
are too close, the contribution of the product ions to the ATS cannot be 
separated sufficiently accurately from that of the parent ions. As the 
difference in the velocities increases the contributions of the species 
can be separated more easily and the uncertainty in the determination 
of the ratio of the peak areas is decreased. The cases studied by 
Takebe et  al .  in which heavier gases were used are therefore more 
favourable than He clustering to Li+ as in the heavier gases there is 
a greater difference in the reduced masses and hence mobilities of the 
parent and cluster ions.
8.5.2 Comparison of Clustering Reaction Rate Coefficients
The reaction rate coefficients for the clustering of a number of 
atoms and molecules to Li+ ions are shown in Table 8-3. All rate 
coefficients other than that for He to Li+ were determined in experiments 
performed at or near room temperature, significant populations of the 
cluster species being observed at pressures of the order of those used in 
the work reported here and at greater mean centre of energies. As can be 
seen from the table, the clustering rate coefficients increase with the 
polarizability of the clustering atom or molecule.
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The resu l ts  o f  Takebe and coworkers were reported w ithout  
estimates o f  the errors associated w ith  the determination o f  the 
react ion rate c o e f f i c i e n t s .
TABLE 8-3
Reaction rate c o e f f i c ie n ts  fo r  the react ion 
L i + +B+B -* Li + .B+B a t  centre o f  mass energies 
o f  about 50 meV
Reaction rate
Reference Species B (cm6 s " 1)
Kel1 er and Niles (1971) CO 2 > 5 x i c r 29
Kel1 er and Ni 1 es (1971) CO ~ 2 x lO “ 29
Gatland e t  a l .  (1975) n2 2 x i c r 30 ± 55%
Takebe e t  a l .  (1979) 2.7 x 10“ 30
Colonna-Romano & K e l le r  
(1976)
02 1.1 x lO -30 ± 24%
Takebe e t  a l .  (1982b) Xe 4 x lO “ 31
Takebe e t  a l .  (1982b) Kr 2.5 x lO -31
Takebe e t  a l .  (1982b) Ar
CO10X00t—
K e l le r  e t  a l .  (1973) 1 .8 x l O " 31 ± 24%
Takata (1977) 2 . 2  x i c r 31 ± 30
Present He < 5 x l O " 33
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CHAPTER 9: DISCUSSION
The accurate mobility data presented in this thesis have enabled
the long-range attractive part of the interaction potential to be
determined for four different ion-gas combinations. Particular
emphasis was placed on the study of the Li+-He system which, because
of i ts  relative simplicity, has attracted much theoretical interest.
Because of the shallow nature of the potential wells for Li+ and K+
in He, accurate low temperature mobility data are required to determine
the well and attractive ta i l .  Such data have not been available prior
to this work. Room temperature data are suitable for the study of the
+ +long-range part of potentials for Li and K in Ar and the present 
data complements the data previously obtained although the improved 
accuracy has made the derived potentials more precise.
The relatively large depths of the potential minima for these 
ions in Ar result in the mobility data over the range of E/N values 
accessible in the d r i f t  tube described in this thesis not being 
sensitive to the potential wells. Further accurate mobility data, 
at high values of E/N, are needed to extend this study to enable 
information to be obtained on the potential minima and the repulsive 
wall where often the potential can be fit ted simply by a functional 
form (e.g. an exponential repulsive term). For Li+ and K+ in helium, 
the range of E/N values was limited by the inefficiency of the 
Bradbury-Nielsen shutters at  high values of E/N and a system employing 
Tyndall-Powel1 shutters should be used to extend this work. In both 
gases an upper limit to the value of E/N is set by the onset of 
discharge at high voltages in the dr if t  region. This limitation would 
be relaxed by the use of Tyndal1-Powel1 shutters which can operate 
efficiently at  the low gas pressures necessary to avoid discharge 
occurring. A further improvement would be the use of a shorter and 
variable length drif t  tube to reduce the total potential across the 
electrode system while s t i l l  enabling end effects to be detected and 
eliminated.
The large variations in well depth are reflected in the reaction 
rate coefficients for clustering. Neither the K+.He nor the K .Ar 
cluster were observed. The larger binding energy of the
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Li+.He cluster (compared with that for the K+.He cluster) 
enabled i t  to be seen but only at the small centre of mass energies 
attained at low gas temperatures. This reaction has a low reaction 
rate coefficient compared with that for the clustering of more highly 
polarizable species to Li + . The method of analysis used was shown to 
be especially suitable for dr if t  tube studies of slow reactions, 
requiring only fairly simple analysis procedures. The present work 
could be extended to the study of back reactions by the addition of 
a long approach dr if t  region before the f i r s t  shutter of the drift  
length used to measure the arrival time spectra. If the values of 
E/N in the two regions were independent the peak subtraction technique 
of analysis used by Takebe and coworkers could be applied.
Due to the large polarizability of the neutral and the small 
size of the ion, the clustering of Ar to Li+ was observed at centre 
of mass energies attained at room temperature and low values of E/N. 
The equilibrium constant for this clustering reaction was determined 
at room temperature and values of E/N ranging from 12 to 30 Td.
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APPENDIX A
Three main data  a c q u i s i t i o n  and experimental contro l  programs 
were w r i t t e n  fo r  t h i s  work, each s to r in g  a r r iv a l  time data on d i s k e t t e .  
Additional a n a ly s i s  and data manipulation programs supplemented t h e s e ,  
enabling the s to red  data to be inspected and analysed with var ious  aims.
For rap id  in spec t ion  o f  the general  form of the a r r i v a l  time 
spectrum e i t h e r  of two programs could be used. I f  d e s i r e d ,  the  raw 
data could be p lo t t e d  immediately i t  was acquired .  The f i r s t  o f  these  
programs, CARVTIME, uses the  BDC output from the 5-decade counter  as 
inpu t ,  record ing the ion count a t  the  m u l t i p l i e r  as a func t ion  of  the 
s h u t t e r  opera t ing  frequency.  The program s teps  through a s e l e c ted  
frequency range by a chosen increment;  i t  s e t s  the  s inuso ida l  s h u t t e r  
frequency on the programmable frequency s y n t h e s i s e r ,  allows a s e l e c te d  
delay time fo r  t r a n s i e n t s  to s e t t l e  and records  the count r a t e  as 
r e g i s t e r e d  by the 5-decade counter .  The input parameters requ i red  by 
the program are  the data  f i l e  name, the i n i t i a l  and f ina l  f r eq u e n c ie s ,  
the increment frequency, the  amplitude fo r  the frequency s y n t h e s i s e r ,  
the time delay between samples and the number o f  samples to be taken a t  
each frequency. The equipment contro l  commands (which def ine  the input 
por ts  on the computer, s e t  the  s inuso ida l  vol tage  amplitude,  s e t  the  
s inusoidal frequency, s e t  time de lays ,  take read ings ,  control  the p l o t t e r ,  
e t c . )  are  contained in subrou t ines  so t h a t  they can be e a s i l y  incorpora ted  
in o the r  experimental  control  programs. Mass analysed a r r i v a l  time 
spec t ra  can be obta ined using CARVTIME.
A second program, ARVTIME, is  s im i l a r  to CARVTIME but the  signal  
level recorded is  t h a t  a t  the  e x i t  p l a t e  o f  the d r i f t  r eg ion .  As 
described in sec t ion  5 .3 .1 ,  the  c u r r e n t  i s  measured using an e l e c t ro m e te r ,  
and a d i g i t a l  vo l tmeter  with an BCD output i s  used to measure the  0-1V 
output of the e lec t ro m e te r .  The program rece ives  the data in BCD form 
and conver ts  i t  to decimal form. Both of these  programs simply record 
the s h u t t e r  f requencies  and t h e i r  a s so c ia ted  c u r r e n t  l e v e l s  on f i l e .
For the a c q u i s i t i o n  of more c a r e f u l l y  taken and accu ra te  data 
fo r  subsequent a n a l y s i s ,  a more s o p h i s t i c a te d  program was w r i t t e n .
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Although based on the same principles as the above programs, this 
program, NARVTIME (Normalized ARriVal TIME), includes fa c il it ie s  to 
monitor changes in the filament emission current and in the gas 
temperature. The raw data can be normalized by periodically checking 
the tota l current level and adjusting the data by interpolating between 
normalization points. As for ARVTIME, the current level at the exit 
plate fo r a given shutter frequency is measured with an electrometer, 
and the electrometer output is fed to a d ig ita l voltmeter which is 
interfaced with the microcomputer. The input required by th is program 
includes the experimental conditions (pressure, d r i f t  distance, in it ia l 
gas temperature, voltage across the d r i f t  distance), how often the total 
current is to be checked (and under what conditions) as well as the 
information required by the two programs discussed above.
Before any arrival time data are taken the frequency of the 
sinusoidal shutter voltage is set at a chosen value of the order of 
1 to 10 MHz. At such frequencies the shutters do not act e ff ic ie n tly  
(that is , the ions are not fu lly  collected even during that part of the 
AC cycle when there is a substantial potential difference between 
adjacent grid wires) and an increasing proportion of the total ion 
current is transmitted as the frequency is  increased. A frequency is 
chosen such that the current reaching the ex it plate is approximately 
that of the f i r s t  maximum in the ATS, enabling the current to be as 
large as possible without the po ss ib ility  of small increases in the 
current level resulting in currents that exceed the electrometer range. 
This current is monitored at the electron m u ltip lie r with the mass 
analyser in "to ta l pressure" mode and the reading of the 5-decade counter 
recorded. After a chosen number of data points have been recorded this 
process is repeated and compared with the f i r s t  reading. The re lative 
difference between the two gives a measure of how the total ion current 
has varied over the data acquisition period. ( I f  the change is excessive 
the data may be discarded.) The total current at the m u ltip lie r is 
linearly  interpolated between the two readings and is used to normalize 
the raw ATS data to give the spectrum expected fo r a steady ion current. 
This normalization procedure may be repeated periodically throughout the 
measurement of an ATS.
The experiment may also be repeated immediately upon its  
completion. The operator may also opt to have the normalized data
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plotted and/or the data displayed immediately upon completion of the 
run, enabling a decision to be made as to the desirability of repeating 
i t .
The data f i le  for each experiment contains all the experimental 
conditions (pressure, d r i f t  distance, init ial  and final temperatures as 
given by thermocouples etc.) as well as the frequency range and increment, 
the normalization frequency and the total current monitor count readings. 
The f i le  also contains the frequencies, the raw and normalized data and 
the percentage change in the total current during the run.
Provision is also made for the temperature in the d r i f t  region to 
be monitored by measurement of a nominated peak in a "standard" ATS. The 
data for this peak (at a given E/N for a given pressure) is measured at 
the beginning and end of each run and can be measured after any current 
normalization chosen during the run by the operator. The operator is 
prompted to set the correct d r i f t  voltage (corresponding to 6 Td for 1 
and 2 Torr, 3 Td for 3 Torr at 80 K) for the standard peak and, after the 
data for this peak has been recorded, must also reset the voltage. The 
data for this standard peak is stored in a separate f i le  to that containing 
the ATS being measured. Changes in the mean frequency of this standard 
peak gives a sensitive measure of any changes in gas temperature.
The operator can stop the run prematurely after any normalization.
When very large peak-to-peak voltages are required on the shutters 
the multiplier picks up this signal and the recorded count rate reflects 
the shutter frequency. Under these conditions the total current for 
normalization is monitored at the exit plate instead of the multiplier.
This has the disadvantage that the normalization frequency must be 
selected more carefully to ensure that the normalization current is within 
the electrometer range. Furthermore large increases in the level of 
filament emission may cause the peak current levels to rise outside the 
range of the electrometer.
The normalized or raw data recorded on diskette can be plotted 
using programs PLOTPEAK or PLOTRAW. These programs allow a chosen portion 
of the data to be plotted, enabling the vertical and horizontal scales-to 
be expanded and any bias level to be subtracted. These features are
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especially useful when considering ATS featuring cluster ions.
To analyse the arrival time data on a chosen f i le  to obtain 
mobility data a program PEAKF is used. (Alternatively RAWPEAK uses 
the raw data). As a preliminary step, background levels are subtracted 
i f  necessary and the height of a chosen peak is determined from the 
three highest points. Two methods are used to determine f .
In the f i r s t  method a quadratic (or a straight line) is fitted 
to each side of the peak using a linear least squares f i t t ing routine 
and data falling between 40% and 90% of the peak height. The mean peak 
frequency is determined at six current levels using the two quadratic 
equations. The corresponding d r i f t  velocities and mobilities (using the 
temperature from either the thermocouple readings or from the standard 
monitor peak) are then calculated and the peak skewness determined.
In the second method a quadratic is f i t ted to the points above 
85% of the peak height and the peak frequency is determined from the 
turning point of the quadratic. The d r if t  velocity, and hence the 
mobility, is determined using this frequency.
(The data from the temperature monitoring f i le  is treated in 
a similar manner. The magnitudes of the temperature changes during 
a run are determined from the change in the frequency of the standard 
peak. Hence, once the init ial  temperature is known accurately from 
thermocouple readings, the temperature during and at the end of the 
run can be determined accurately.)
A program of major importance for the clustering studies is 
TRUEATS. This program takes the arrival time data (current versus 
frequency) recorded using NARVTIME and converts the frequencies into 
times, in units of psecs). The data is written into a new f i le  in the 
same format and order as in the original f i le  and is now in a form that 
can be analysed to determine reaction rate coefficients. TRUEATS also 
enables selected ATS peaks to be plotted as a function of time.
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APPENDIX B
The computer codes used in the  c a l c u l a t i o n  of  t r a n s p o r t  
c o e f f i c i e n t s  and b r i e f l y  d i scussed here are  those developed by 
Dr L.A. Viehland.  There a re  two main codes:  one (MOBILDIF) is
used to c a l c u l a t e  the  t r a n s p o r t  c o e f f i c i e n t s  for  atomic ions moving 
in an atomic gas under the i n f l uence  of  an e l e c t r i c  f i e l d ,  the o t he r  
(QVALUES) to c a l c u l a t e  the  t r a n s p o r t  cross  s ec t i ons  r equi red  fo r  t h i s  
c a l c u l a t i o n .
The program QVALUES uses c l a s s i c a l  mechanics to c a l c u l a t e  the
0
t r a n s p o r t  cross  s ec t i on  Q in double p rec i s i on  to a p resc r i bed  accuracy 
f o r  a p o t en t i a l  expressed e i t h e r  in a funct ional  or  a t a bu l a t ed  form. 
The funct ional  forms al lowed are  an exponent ial  p o t en t i a l  and an 
(N,6,4)  p o t e n t i a l .  The program was designed to work p r imar i l y  with 
t a bu l a t ed  p o t e n t i a l s  and these were used in the p resen t  work.
When a t ab u l a t ed  p o t e n t i a l  i s  used,  i n t e r p o l a t i o n  o r  e x t r a ­
po la t i on  i s  necessary to c a l c u l a t e  the  po t en t i a l  a t  sepa ra t i ons  o t he r  
than those f o r  which i t  i s  t ab u l a t ed .  The value o f  the smal l es t  
s epa ra t i on  chosen in the  t a b u l a t i o n  l i m i t s  the h ighes t  value of  E/N 
f o r  which the t r a n s p o r t  c o e f f i c i e n t s  can be determined accu r a t e l y  a t  
a given gas temperature .
For s epa ra t i ons  where the  po t en t i a l  i s  p o s i t i v e  and g r e a t e r  
than the  well depth,  an e xp o nen t i a l - r ep u l s i ve  form is  assumed and 
the po t en t i a l  i s  i n t e r p o l a t e d  using a t ab l e  o f  InV versus r .  For 
i n t e r p o l a t i o n s  a t  o t he r  s epa r a t i ons  a t a b l e  o f  1n(V +6 + C4r - 4 ) i s  
used where 6 i s  a smal l ,  p o s i t i v e  quan t i t y  which ensures t h a t  the 
argument o f  the logar i thm i s  p o s i t i v e .  The value o f  the p o t en t i a l  
a t  the l a r g e s t  s epa ra t i on  i s  assumed to obey the  funct ional  form 
C4r -4 and the p o t e n t i a l  i s  ex t r a po l a t ed  to l a r g e r  s epa ra t i ons  
accordi  n g l y .
The s c a t t e r i n g  angle a t  a p a r t i c u l a r  energy and impact 
parameter  i s  c a l c u l a t e d  using equat ion ( 2 . 2 . 2 ) .  The Clenshaw-Curt iss 
i n t e g r a t i o n  method and equat ion (2 .2 .3 )  is used to obta in  the d i s t ance  
of  c l o s e s t  approach.
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ZThe transport cross sections Q are calculated at a p a r t ic u la r  
energy and fo r  a l l  values o f Z in the range 1 <£ <6 .  The energy range 
o f in te re s t  is divided in to three regions bounded by the minimum 
energy, the maximum o rb i t in g  energy, 10 times the maximum o rb i t in g  
energy and the maximum energy o f in te re s t ,  and Chebyshev polynomials 
are used to describe the cross sections in each region. This d iv is ion  
occurs na tu ra l ly . In general the values o f Q are obtained with an 
e rro r o f  less than 0.1%.
The m ob il i ty  and d if fu s ion  coe ff ic ien ts  are calculated by 
MOBILDIF using a method based on the three-temperature theory. The 
overa ll accuracy is  l im ite d  by the accuracy o f  the transport cross 
sections.
Program MOBILDIF requires as input the system name (ion and 
gas), the ion mass in  amu, the neutral mass in amu, the ion charge 
and the product o f  the p o la r iz a b i l i t y  o f  the neutral and the ion-atom 
reduced mass. The program also requires the minimum and maximum 
values o f an independent variable v^ where
and v. is  the displacement ve loc ity  (Chapter 2). The range o f E/N is 
covered by repeatedly increasing v^ by a fac to r o f (10) . The
maximum order o f  the approximation used in the k in e t ic  theory is  also 
required as input. This must be less than or equal to f iv e .
A fte r the independent variables T and v* have been chosen, 
i n i t i a l  estimates are made fo r  the "temperatures" Ty and T  ^ and the 
ir reduc ib le  c o l l is io n  in tegra ls  o f  Viehland and Lin (1979) are 
calculated. New values o f v*j, Tjj and T  ^ are calculated and these 
steps repeated u n t i l  converged values are obtained. The converged 
values o f  and T  ^ are then used to calcu late the value E/N. This 
value stays the same u n t i l  a new value o f  v^ is introduced.
The f i r s t  approximations to k and the normalized, reduced 
d if fu s ion  coe ff ic ien ts  are now made. Successively higher approximations
are calculated until the mobility has converged to within 1% and 
the diffusion coefficients to within 5%, or until the maximum order 
or approximation is reached.
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PART B: THE EFFECTS OF DIFFUSION ON THE ANALYSIS OF 
PULSED RADIOLYSIS DRIFT TUBE EXPERIMENTS
CHAPTER 1 : INTRODUCTION
Electron m ob il i t ies  have been determined from the trans ien t 
waveforms recorded with a Pulsed Radiolysis D r i f t  Tube (PRDT) (Wada 
and Freeman, 1981). In th is  technique an x-ray pulse produces 
electrons w ith uniform number density between two plane pa ra lle l 
electrodes in  a ce ll f i l l e d  with gas a t known pressure. The passage 
o f  the electron group in  the uniform f ie ld  between the cathode and 
the anode results in  a displacement current in the external c i r c u i t .  
The voltage pulse across a load resistance is  measured with an 
a m p lif ie r  and an oscilloscope and is  used to determine the electron 
mobi1i t y .
Under most conditions the e f fe c t  o f  d if fus ion  on the trans ien t 
waveforms is small but a t low e le c t r ic  f ie ld  strengths and high 
temperatures the e ffec ts  o f d if fu s io n  cannot be neglected.
Previously the analysis o f the trans ien t waveforms has been 
based on a f i r s t  order theory which assumes that d if fu s io n  e f fe c t iv e ly  
increases the d r i f t  distance (Wada and Freeman, 1979). In th is  work 
the modifications to the trans ien t waveforms caused by d i f fu s io n  have 
been analysed in more de ta il using a model representation developed 
by Lowke (1962) and Huxley (1972) o f  a group o f electrons d r i f t in g  
and d if fu s ing  in  a uniform e le c t r ic  f ie ld  between plane, pa ra l le l 
absorbing electrodes. The model representation has been extended 
to describe the case o f  a PRDT experiment in  order to develop a more 
accurate method o f  determining m ob il i t ies  from the observed trans ien t 
waveforms.
The need fo r  a more accurate method o f  determining m o b il i t ie s  
from PRDT experiments was suggested by the results o f Wada and 
Freeman (1979, 1981). Wada and Freeman obtained m ob il i ty  data fo r  
low energy electron swarms in  H2 and N2 over a wide temperature 
range. Analysis o f th e ir  experimental data led them to conclude 
that the momentum trans fe r cross sections fo r  electrons in  both
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gases exhibit Ramsauer-Townsend minima at energies of the order of 
10 meV. Crompton and Morrison (1982) suggest that the relatively 
small temperature dependent systematic difference between the data 
in N2 of Wada and Freeman (1981) and earlier temperature dependent 
mobility data analysed by Engelhardt, Phelps and Risk (1964) is 
responsible for the appearance of the Ramsauer-Townsend minimum in 
the derived cross section for N2. I t  will be shown here that the 
corrections applied for diffusion by Wada and Freeman appear to be 
incorrect. In many instances these corrections are of the same order 
as the differences between the Wada and Freeman drif t  data, which are 
compatible with a Ramsauer-Townsend minimum, and the older data, which 
are not.
In Chapter 2, the number density distribution of a swarm of 
electrons drifting and diffusing under the influence of a uniform 
electric field between two absorbing electrodes is derived from the 
distribution for electrons travelling in free space and the effects 
of the electrodes on the behaviour of such a swarm are considered.
A theoretical description of the transient recorded in a PRDT experi­
ment is then developed and discussed for two cases: one without
diffusion (section 2.3.1), and one with diffusion (section 2.3.2). 
Details of the computing work involved in the development of the PRDT 
description are given in Chapter 3 and the results of these calculations 
are given in Chapter 4. The calculations were performed for a number of 
different experimental conditions and results are given
(a) for the electron number density across the gap 
following instantaneous irradiation (section 4.1),
(b) for the total number of electrons in the gap as a 
function of time following instantaneous irradiation 
(section 4.2),
(c) and for the total number of electrons in the gap as 
a function of time following a f inite  irradiation 
time (section 4.3).
The influence of diffusion on the transient waveform observed in this 
type of experiment is discussed in section 4.4 and a method of analysis 
of experimental data from PRDT experiments is proposed in section 4.5.
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CHAPTER 2 : THEORETICAL DESCRIPTION OF CURRENT TRANSIENTS
RECORDED IN A PRDT EXPERIMENT
2.1 D e s c r ip t ion  o f  a Swarm o f  Elec trons
The number dens i ty  d i s t r i b u t i o n  func t ion  n ( x , y , z , t )  f o r  an is o la te d  
group o f  e lec t rons  d r i f t i n g  and d i f f u s i n g  in  a gas under the in f luence  o f  
a un i fo rm  e l e c t r i c  f i e l d  is  the s o lu t i o n  o f  the c o n t i n u i t y  equat ion
'an
a t
32n 32n
9x2 3y2 + D
52n 
II 3z 2 - vdr 3z ( 2 . 1 . 1)
where the e l e c t r i c  f i e l d  i s  taken to be in  t h e - z -d i  r e c t i  on, Dy i s  the 
l o n g i t u d in a l  c o e f f i c i e n t  o f  d i f f u s i o n ,  D^  i s  the l a t e r a l  c o e f f i c i e n t  
o f  d i f f u s i o n  and v^ i s  the d r i f t  v e l o c i t y .  The s o lu t i o n  f o r  an 
i s o la te d  group o f  n 0‘ e lec t rons  t r a v e l l i n g  i n  f ree  space may be 
represented by (Huxley and Crompton, 1974)
n ( x , y , z , t ) ------------------------- re exp
(4 ttD1 t )  (4 ttD.. t)'2
x2 + y 2
4Dj_t
exp <z - v d r t ) 2  
4D„t
( 2 .1 . 2)
At t ime t = 0  the e le c t r o n  group i s  concentra ted in  an i n f i n i t e s i m a l  
volume a t  the o r i g i n  o f  coo rd ina tes .  Use o f  t h i s  equat ion assumes 
t h a t  the e lec t rons  are released in  the gas w i th  the steady s t a t e  energy 
d i s t r i b u t i o n .
When the group extends un i fo rm ly  to i n f i n i t y  in  the xy plane, 
equat ion (2 .1 .2 )  reduces to
n ( z , t )
no I ( z - vdr0 2
------------ j r  e x p ---------------------
(4 i rD. , t )a ( 4D.| t
( 2 . 1 . 3 )
where n 0 i s  the number o f  e lec t ron s  per u n i t  area in  the i n i t i a l  plane 
6 - fu n c t io n  d i s t r i b u t i o n .
The number den s i t y  d i s t r i b u t i o n  f o r  e lec t rons  d r i f t i n g  and 
d i f f u s i n g  in a un i fo rm e l e c t r i c  f i e l d  may be d is tu rbed  by the presence 
o f  absorb ing e le c t ro d e s .  In t h i s  t h e o r e t i c a l  cons ide ra t ion  o f  a 
Pulsed Rad io lys is  D r i f t  Tube exper iment,  the anode and cathode are 
assumed to be i n f i n i t e ,  p a r a l l e l ,  plane e lec trodes and equat ion (2 .1 .3 )
198
is modified accordingly. Previously the effects of the anode and cathode 
on dr if t  velocity experiments have been considered separately (Lowke, 1962) 
and then added to give the total error expected in the determination of 
the dr if t  velocity. In this work the effect of both the cathode and anode 
are taken into account in the expression for the electron number density 
and the error in the determination of the drift  velocity resulting from 
diffusion is discussed.
Electrons are lost from the group by back diffusion to the cathode, 
thus shifting the position of the maximum of the electron density (here­
after called the peak position) further away from the cathode. To 
represent the effect of the cathode on the electron density within the 
group a mirror image term may be added to the expression for n(z,t) 
(Lowke, 1962) such that the number density is zero at the cathode. If 
the cathode is situated at z=0 and the electron group is released at 
position z0 at time t 0 (z0>0, t 0 >0) the expression for the number 
density distribution becomes
n(z,z0, t  - t 0)
n0
(4ttD|| (t -  t o ) } ' 2
[z - z 0 - vdr(t - t 0)]2 ' 
4 D | | ( t - t0)
f  z°vdr j fexp
l "  D n j
exp
f  [z + z0 - v d f ( t  - t 0 ) ]  
4 Dm ( t  - t o )
(2.1.4)
To account for the effect of an absorbing anode two further image 
terms are added, one arising from the original term and the other from 
the cathode image term. If  the anode is situated at z=h the expression 
for the number density becomes
n(z,z0, t - t 0)
n0
(4 ttD|, ( t - t 0)
exp
exp
[z - z0 - vdr( t - t 0) ]2 '
4D„(t-to)
z°vdr j [z + z0 - vdr( t -10)]2exp
>- Dll • 4Dj| (t - to )
exp
+ exp
'[h - z0]vdr ]
exp
2 ( 2 . 1 . 5 )
[z - 2h + z0 - vdr( t - t 0)]
4Dm(t - t 0)
h v , dr exp
[z - 2h - z0 - vdr( t - t 0) ]2  ^
4D„(t-t0)
199
This expression satisfies the anode boundary condition n(h,z0, t - t 0) =0. 
The anode correction terms perturb the cathode boundary condition 
n(0,z0, t - t 0) =0 but the effect is usually negligible. All the 
correction terms become negligible at points far removed from the 
electrodes.
2.2 Illustrations of the Effects of the Electrodes
The effects of the two electrodes on the electron number density 
distribution are now considered. In this discussion we will take the 
electrode separation h to be 6 cm (the cathode at z=0 and the anode 
at z = h = 6 cm) and we will consider D||/v^r = 0.16 cm and
= 4.74 x io 5 cm s-1 . These conditions are those for electron groups 
drifting in nitrogen at a pressure of 5 Torr with E/N = 1.2 Td, an 
example considered by Lowke (1962). We introduce the error factor 
D||/ hvdr E (D/n)/V as used by Lowke to indicate the importance of 
diffusion in a dr if t  velocity experiment. This factor has the value 
0.026 under these conditions.
Consider three electron groups released simultaneously such that 
one is released near the cathode (z0=0.06 cm), one near the anode 
(zo = 5.4 cm) and the last  near the centre of the interelectrode gap 
(z0 = 2.46 cm). This is i l lustrated in Figure 2.1 where the pulses 
are observed after a d r i f t  time of 1.1 ysec (v^r ( t - t 0) = 0.09 h =
0.54 cm) enabling the effects of diffusion to the electrodes to be 
seen. The solid curves represent the distributions for the electrode- 
affected electron groups while the dashed curves are for the groups 
travelling in free space.
An electron group released near the cathode loses a significant pro­
portion of i ts trai 1 i ng edge by back di ffusion to the cathode and the peak 
of the distribution is displaced forward with respect to the reference 
pulse. This effect becomes smaller as the ratio v^Zo/Dy increases.
An electron group released near the anode becomes distorted at 
its leading edge while, in i t ia l ly ,  the trail ing edge retains the shape 
of a free-space distribution.
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Cathode Anode
Position (cm)
Fig. 2.1: Normalized electron number density at 1.1 ysec after release
for electron groups released at 0.06, 2.46 and 5.4 cm from 
cathode (Dm/ v^  = 0.16 cm).
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An electron group released near the centre o f the in te re lectrode 
gap is  i n i t i a l l y  unaffected by e ith e r  electrode under typ ica l experi­
mental conditions. As the group d r i f t s  in the d irec tion  o f  the e le c tr ic  
force i t  broadens due to d if fu s ion  and i t  is as the leading edge reaches 
the anode tha t i t s  shape is  modified by loss o f  electrons to the absorbing 
anode. Even then the t r a i l in g  edge i n i t i a l l y  retains the free space 
shape.
Referring to the same experimental conditions, consider the case 
o f  an electron group released 0.06 cm from the cathode (z0 = 0.01 h) 
at time t = 0 .  The development o f the pulse is  shown in  Figure 2.2 where 
the normalized electron density is  viewed a t three times. At time 
t i  = 1.14 ysec electrons are being lo s t  to the cathode by back d i f fu s io n , 
but by time t 2 = 6.20 psec back d if fu s io n  to the cathode has ceased and 
the group has acquired a gaussian form t ra v e l l in g  with the d r i f t  ve loc ity  
v^r - Neither electrode is a ffec t ing  the group at time t 2 and the electrode 
affected group leads the free space group by a constant displacement which 
depends on the release position o f the electron group. The c loser the 
release position is  to the cathode the greater the number o f  electrons 
lo s t  from the t r a i l i n g  edge o f  the group by back d if fu s io n , and hence 
the greater the s h i f t  in the peak pos it ion . At time t 3 = 12.5 ysec 
loss o f electrons to the anode has begun and the position o f the peak 
now lags the corresponding maximum fo r  a group t ra v e l l in g  in  free space.
The position o f maximum electron density eventually a tta ins  a stable 
pos it ion although the maximum density decreases w ith time.
2.3 Development o f  the Description o f  a PRDT Transient
In the analysis o f a PRDT experiment, we are concerned with the 
trans ien t waveform recorded due to a pulse o f  ion iz ing  rad ia t ion . The 
time dependent current density i ( t )  in  a PRDT due to such a pulse o f 
ion iz ing radiation is  given by
i ( t )  = N ( t ) evdr (2.3.1)
where e is  the electron charge and N(t) is  the to ta l number o f  electrons 
in  a column o f u n it  area in  the gap. An expression fo r  N(t) due to a'
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Anode
Distance from cathode (cm)
Fig. 2.2: The normalized electron number density viewed at three times
~ 1*14 y s , tp = 6.20 ys and t^ = 12.5 ys after release. 
(vdr = 4.74 X 105 cm s'1 , h = 6 cm, D,j/vdr - 0.16 cm, 
zQ = 0.06 cm).
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pulse which in s ta n ta n eo u sly  and uniformly illuminates the gap can be 
obtained by integrating expression (2.1.5) for the number density 
distribution over all release positions z0 (0<z0 ^h) and positions 
z (0<z<h)  provided n0 is replaced by nj, the number of electrons 
released per unit length. The function n is now the number of electrons 
per unit length of the gap per unit area and is a continuous distribution 
in distance and time. For an irradiating pulse of duration t a third 
integration over release times t 0 is needed.
The expression n(z,z0, t - t 0)dz0 is the contribution to the number 
density at a point z in the gap due to an element of source of length 
dz0 at z0 instantaneously irradiated at t 0. Integration with respect 
to z0 gives the number density at a point due to all such elements. 
Thus we have
n ' (z , t  - 10)
'h
n(z,z0 , t  - t 0)dz0 (2.3.2)
where n' is the number density of electrons at  a given position z at 
time t for uniform, instantaneous irradiation across the gap.
Integrating n ' ( z , t - t 0) over all z gives the total number of
electrons N n in a column of unit area at a given time t  for 
t =0 3
instantaneous irradiation (t =0) at time t:
,h
NT=0(t - t 0) = n1(t - t 0)dz
o (2.3.3)
rh 'h
n(z,z0, t  - t 0)d z0 dz .
J Q
In a similar manner to that whereby the case of the discrete plane 
electron source was extended to arrive at  equation (2.3.2) for 
irradiation across the whole gap, we move from the case where a finite 
number of electrons is released instantaneously to the case where the 
illumination is of f inite duration. The constant n* is redefined as 
the number of electrons released per unit volume per unit time and the 
expression n(z,z0, t - t 0)dz dz0 dt0 becomes the number density of 
electrons in the element dz at position z and time t due to irradiation
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over the element dz0 at z0 for the time interval d t0 at t 0. N^ =q( t - t 0 )dt 0
is the number of electrons in the gap at time t due to irradiation over 
time interval dt0 at  time t 0. Hence the total number of electrons in the 
gap due to a uniform irradiating pulse of duration t is
N (t)
T
r T
NT=0(t - to)dto (2.3.4)
Equivalently, this can be determined by integrating over the decay times 
(t  - to) associated with the constituent instantaneous pulses:
N (t)
T
ft
NT=0(t - t 0) d (t - t 0) .
t-T
(2.3.5)
The current flowing in the gap due to the pulse is proportional to 
N (t) and consequently N (t) has the form of the experimentally measured 
transient waveform.
If  we assume that the irradiating pulse is of short duration and 
the total number of electrons in the gap due to an instantaneous 
irradiating pulse decays monotonically to zero in a time t*, (where t* >t) 
the integration range may be considered in each of three separate time 
intervals:
(a) 0 < t  < t
At these times, not all instantaneous pulses constituting 
the final pulse have occurred and
N^(t) = f  N g ( t - t 0)dt0 ; 0 < t < T  . (2.3.6a)
o
(b) t < t < t*
All instantaneous pulses have been released and all are 
contributing to the total number of electrons in the gap. 
Here all release times must be included in the integration.
N (t)
T
(  T
0
NT=Q(t - t 0)dt0 ; T < t < t* • (2.3.6b)
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(c) t* <t < t* + T
All the instantaneous i r rad ia t ing  pulses have been released 
but the number of electrons from some have decayed to zero 
and these no longer contribute.
Hence
N (t) =
T
NT=0 ( t —to)dto ;
t-t*
t* < t < t* + T (2.3.6c)
Finally when t > t * + x  the waveforms resulting from all instantaneous 
pulses have decayed to zero and
N (t)  = 0 ; t  > t* + t . (2.3.6d)
2.3.1 The No-Diffusion Case
Where there is  no diffusion (D|| =0) i t  is possible to obtain 
analytical expressions for the t rans ient  waveforms (Wada and Freeman, 
1979).
The electron number density p rof i le  for instantaneous uniform 
i r rad ia t ion  i s  a simple step function. Figure 2.3 shows the (normalized) 
electron number density prof i le  (n/n0) a t  five times a f te r  instantaneous 
i r rad ia t ion .  As the electrons d r i f t  across the gap with d r i f t  velocity 
v ^ ,  the electron number density prof i le  fa l l s  abruptly to zero a t  i t s  
t r a i l in g  edge. Electrons are lo s t  to the anode a t  a constant rate  until  
a time t d =h/ vdr for an in terelectrode spacing h and, as a r e s u l t ,  there 
is a l inear  decay with time in the tota l  number of electrons in the gap. 
This can be described by the expression
Nx=0( t  - to ) = n0 (h - vd r ( t  - to)}
= n0h{td - ( t  - t 0) ) / t d .
(2.3.7)
The total number of electrons in the gap (N _n/ n 0) as a function of timeT—U
a f t e r  instantaneous i r rad ia t ion  is plotted in Figure 2.4.
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Cathode Anode
Fig. 2.3: Electron number density at 5 times after t = 0.
Fig. 2.4: Time dependence of the number of electrons in gap for instantaneous
irradiation.
t , + T
Fig. 2.5: Time dependence of the total number of electrons in gap for finite
irradiation time x.
Figures 2.3, 2.4 and 2.5 represent the case D 0.
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For a finite irradiating pulse we now integrate over all release 
times for the constituent instantaneous pulses and obtain
n0h t ( l  - t / 2 t d) 0 < t  < T (2.3.8a)
n0h x ( t d + i r x - t ) / t d ; T < t s t d (2.3.8b)
n0h ( t d + T - t ) 2 / 2 t d ; t d < t < t d + T (2.3.8c)
0 5 t > t d +T . (2.3.8d)
These expressions are of the form used by Wada and Freeman (1979).
The increase in N (t) at  times t  < x is not linear since electronsT
are being removed by d r if t  to the anode while the irradiating pulse is 
s t i l l  present. The total (normalized) number of electrons in the gap, 
N^/no, as a function of time for a finite irradiating pulse of duration 
t is shown in Figure 2.5. The value of N^/n0 peaks at time t when the 
irradiating pulse is removed and then decays linearly until time t d when 
the electrons released at t= 0  have all been lost from the gap. (The 
slope of this linear region depends on the interelectrode separation 
h and the time duration x of the f inite  pulse.) Thereafter the rate 
of electron loss decreases, giving a tail to the curve. As before, 
the non-linearity is due to the fact that electrons were being lost 
while the irradiating pulse was present.
2.3.2 Drift and Diffusion
In the presence of diffusion (D|| ^0),  the electron number density 
distribution function n(z,z0, t - t 0) is the sum of four gaussians 
(see equation (2.1.5)) and cannot be integrated analytically. Hence the 
integrations required to develop the description of a PRDT transient must 
be performed numerically.
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CHAPTER 3 : DETAILS OF COMPUTING
The three integrations needed to develop the description o f  the 
PRDT trans ien t from the ana ly t ic  expression (2.1.5) fo r the electron 
number density in  an i n f i n i t e  xy plane were performed numerically on 
a UNIVAC 1100/82 computer.
The computer program developed to t re a t the non-zero d if fu s io n  
case performed the three in tegra tions in  three independent, sequential 
stages. The quantit ies v^r , h, Dy and t were treated as input parameters.
The f i r s t  in tegra tion  (over a l l  z0) was performed using a method 
described by Patterson (1968) based on the optimum addition o f  points 
to the Gauss quadrature formulae. This was a Numerical Algorithm Group 
(NAG) l ib ra ry  routine. As expression (2.1.5) is  the sum o f four e rro r 
functions, the results o f  th is  in tegra tion  could be checked fo r  
convergence by comparing them w ith values derived from tables o f 
in te g ra ls .
The second in tegra tion  (over a l l  z) was performed using Simpson's 
ru le . The results were found to converge rap id ly  with decreasing step 
size. Double precision ar ithm etic  was used fo r  the f i r s t  two in tegra tions 
to reduce the number o f underflows encountered in  the evaluation o f  the 
electrode correction terms in expression (2 .1 .5 ).  (For the case 
D|| = 7.46 x i o 4 cm2 s "1, v^ = 4.74 x i o 5 cm s " 1 and h = 6 cm the 
results were shown to have converged to w ith in  0.02%).
The f in a l in tegra tion  (over the i r ra d ia t io n  time t ) was performed 
using the method o f G il l  and M i l le r  (1972) based on the th i rd  order 
f in i te -d i f fe re n c e  formulae. This was again a l ib ra ry  routine . This 
th i rd  in tegra tion  was checked by numerically in tegra ting  the ana ly tic  
expression obtained fo r NT_g(t) in  the absence o f d if fu s io n  (Dy =0) 
and comparing the results with the values given by the ana ly t ic  expression 
fo r  Nt ( t ) (equation 2.3.8) .
Two minor programs were used when i t  was required to carry out 
only the f i r s t  or the f i r s t  two in tegra tions . The results from these 
programs were graphed to give physical pictures of
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(a) the electron dis t r ibut ion across the gap a t  a given 
time t  due to instantaneous,uni form i r radiat ion
and
(b) the total  number of electrons in the gap due to 
instantaneous,  uniform i r radiat ion as a function 
of time.
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CHAPTER 4: RESULTS
The computer programs discussed in Chapter 3 were used to predict 
t rans ient  waveforms fo r  a number of experimental conditions. These 
conditions were chosen to show the e f fec t  of d i f fe re n t  v ^ ,  Dy, d r i f t  
length h and duration o f  the i r ra d ia t in g  pulse t . The experimental 
conditions chosen are displayed in Table 4.1. The f i r s t  of  the two 
sets o f  condit ions, l i s te d  under ( i ) ,  was chosen to match those used 
by Lowke (1962), whi le fo r  the second, Dm was chosen to be 100 times 
smaller in order to i l l u s t r a t e  the e f fec t  o f  great ly reduced d i f fus ion .  
The second and th i r d  sets were based on conditions applying to the 
experiments performed by Wada and Freeman (1979, 1981). Several 
d i f fe re n t  values of  t were chosen to i l l u s t r a t e  the e f fec t  o f  changing 
the i r ra d ia t io n  time, whi le a larger d r i f t  distance o f  1.60 cm was 
chosen a r b i t r a r i l y  in order to demonstrate the e f fec t  of s ig n i f ic a n t ly  
increasing the d r i f t  length.
Wada and Freeman (1979) studied the normalized mobi l i ty  (yn )
y
of electrons in trans-2-butene under the conditions T = 298K, h =0.32 cm
and a gas number density o f  n g = 6 . 0 x l 0 19 molec cm- 3 . At an E/N o f
0.03 Td they obtained a c o r re c te d  value o f  the normalized mobi l i ty  of
yn = 1 0 . 5 x l 0 22 molec cm~l \l~l s~l (as read from the graph in which 
y
the data were presented). This datum point was chosen for  th is  study 
from a l l  the data presented as i t  had the highest value of  y and the 
highest temperature and hence the d i f fus ion c o e f f ic ie n t  would be the 
largest possible in th e i r  experiments. Using the Nernst-Townsend 
re la t ion  , which is  va l id  here since E/N is so small ,
D = (4.0.1)
and the above values fo r  T, yn^ and n^ we calculate D|| =D = 44.98 cm2 s "1. 
The other parameter required is the d r i f t  ve loc ity  which is  calculated 
to be 3.24 x 1o4 cm s- 1 .
A th i rd  set of  conditions was chosen to correspond to the 
experimental conditions used by Wada and Freeman (1981) to determine 
electron mobi l i t ies  in nitrogen. The experimental parameters were 
T = 295K, h =1.0 cm and n^ = 5.7 x 1019 molec cm-3 for  which the reported 
value of  the d r i f t  ve loc ity  was 104 cm s“ 1 at E/N =2.7 x 10"3 Td.
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Again using the Nernst-Townsend re la t ion  we obtain Dy =160 cm2 * s--1. 
These conditions were chosen as both the Lowke error fac to r and the 
Wada and Freeman error fac to r o f section 4.4 are large.
4,1 Results o f F ir s t  In tegra tion : Electron Number Density across
the Gap fo r  Instantaneous I r ra d ia t io n
Calculations were performed fo r  a l l  the above cases and plots 
made o f  the normalized number density d is t r ib u t io n  ( n */n0) at a number 
o f d i f fe re n t  observation times a f te r  i r ra d ia t io n .  Some cases have been 
chosen fo r  discussion here to i l l u s t r a te  the effects o f  d i f fu s io n .
Figure 4.1 shows the d is t r ib u t io n  o f  the normalized number 
density n ' /n 0 in the gap a t s ix  observation times tj. to t 6 a f te r  the 
i n i t i a l  time o f (instantaneous) i r ra d ia t io n  t 0 fo r the case considered 
by Lowke (D y /v ^  = 0.16 cm and h=6 cm). The observation times are
1, 3, 6, 8, 10 and 12 psec. As the electron swarm d r i f t s  away from 
the cathode the loss o f  electrons to the cathode by d if fu s io n  decreases 
u n t i l  a f te r  time t 2 i t  has e f fe c t iv e ly  ceased. The t r a i l i n g  edge o f 
the swarm broadens due to d if fu s ion  as i t  approaches the anode but fo r 
most o f  the time loss o f  electrons to the cathode does not a f fe c t  the 
to ta l loss ra te . Near the anode the density p ro f i le  qu ick ly a tta ins a 
steady state shape which i t  keeps u n t i l  the t r a i l in g  edge, broadened 
by d i f fu s io n , reaches the po int B.
The normalized number density d is t r ib u t io n  in the gap fo r  the 
low d if fu s ion  case (Dy/vdr = 0.0016 cm), h=6  cm, uniform instantaneous 
ir ra d ia t io n  and seven observation times is shown in  Figure 4.2. The 
curves demonstrate some deviation from the Dy =0 case: there is a
rounding o f the square t a i l  due to d if fu s ion  in  the pulse but the ra t io  
D||/vdr is so small tha t d r i f t  is  fa r  more s ig n if ic a n t  than d if fu s ion  
and there is l i t t l e  electron loss from the d is t r ib u t io n  by back d if fu s io n .
The results fo r  the Wada and Freeman data sets ( i i )  and ( i i i )  
are shown in Figures 4.3 and 4.4. Figure 4.3 shows the normalized 
electron number density d is t r ib u t io n  in  the gap fo r  Dy =44.98 cm2 s“ * 1, 
vdr = 3.24 x i o 4 cm s-1 and h =0.32 cm, uniform instantaneous ir ra d ia t io n
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B
Distance from cathode (cm)
Fig. 4.1: Normalized number density in the gap at 6 times 
after instantaneous irradiation  
(Dj|/vdr = 0.11 cm, h = 6 cm).
2 1 4
ysec
Position (cm)
Fig. 4.2: The normalized number density in the gap at 7 observation
times after instantaneous irradiation for a low diffusion 
case. (D,|/Vdr = 0.0016 cm, h = 6 cm).
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Position (cm)
Fig. 4.3: Normalized electron number density in the gap after instantaneous
irradiation for 7 observation times.
(Du = 44.98 cm2 s ' 1,
vdr = 3.24 x 104 cm s’ 1,
h = 0.32 cm).
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and seven observat ion times a f t e r  i r r a d i a t i o n .  Figure 4.4 shows the 
d i s t r i b u t i o n  fo r  Dy = 160 cm2 s “ 1, vdr = 104 cm s " 1 and h = l  cm and 
20 usee a f t e r  i r r a d i a t i o n .
From these  f i gures  i t  can be seen t h a t  the e f f ec t s  o f  d i f f u s i on  
a re  not severe ,  and c e r t a i n l y  l e ss  marked than fo r  the case 
D|j/Vdr = 0.16 cm (Figure 4 . 1 ) .  For the  data s e t  ( i i )  (Figure 4.3)  
loss  of  e l ec t rons  by back d i f f u s i on  to the cathode has e f f e c t i v e l y  
ceased a f t e r  1 ysec.  Moreover the number dens i t y  p r o f i l e  has a cons t an t  
shape a t  the anode between 1 and 7 ysec.
For the f i r s t  o rde r  theory being used here ,  the f lux across  a 
sur face  element dS ( in the  xy plane)  is given by
dS n 9nn vdr  - Dll 31 (4 .1 .1)
3 nThe f lux f a r  from the anode in the  region where -^— 0 i s  t h e r e fo r e  given
by
dS n0 vdr (4 .1 .2 )
( e . g .  i n  the region 0.13 cm from the cathode to 0.30 cm a t  t ime 3 ysec ) .  
The f lux a t  the  anode ( n = 0 )  i s
- dS D, 3n_3z z=h
(4 .1 .3)
In the i n t e rva l  from 1 to 7 ysec in t h i s  example, the number dens i t y  
p r o f i l e  near the anode is  t ime independent .  I t  fol lows t h a t  the f lux 
of  e l ec t rons  across  any plane ,  and t h e re fo r e  to the anode,  i s  independent  
o f  time and equal to dS vdr n0 . Since n = 0 a t  the anode,  the f lux to 
the anode i s  e n t i r e l y  due to d i f f u s io n  and i s  given by
dS D, 9n3z z=h
dS vdr  n 0 . (4 .1 .4)
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Position  (cm)
Fig. 4 .4 : Normalized e lec tron  number density  20 ysec a f te r  instantaneous
i r ra d ia t io n  fo r  Dy = 160 cm2 s_1, v^r  = 104 cm s-1 and 
h = 1 cm.
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4.2 Results of the Second Integration: Number of Electrons in
the Gas for Instantaneous Irradiation
The second integration gives the time dependence of the total 
number of electrons in the interelectrode gap for instantaneous 
irradiation. In this section the normalized values (N Q/n0) have been 
plotted against time. In some cases, the line representing the 
diffusion-free case (Dy =0) has been calculated analytically and plotted 
for comparison.
Firstly consider the parameters in set (i) of Table 4.1. The 
results of the second integration, the normalized total number of 
electrons in the gap as a function of time after instantaneous irradiation, 
are plotted in Figure 4.5 for v  ^ =4.74 x i o 5 cm s-1 and the two values of 
D|| . The curve N^_Q/n0 against time for the case D|| =7.5 x i o 4 cm2 s-1 
(curve b) shows an ini t ial  sudden drop, a linear decay region and a long 
time t a i l .  For the case of Dy =7.5 x i o 2 cm2 s"1 (curve a), loss of 
electrons by back diffusion is small and hence the init ial  sudden drop 
in N^ =Q/n0 is not noticeable. However, the linear decay region and 
the long time tail can be seen clearly. (To demonstrate these features 
more clearly, Figure 4.6 shows the curves for a large diffusion 
coefficient Dj| =1.5 x i o 5 cm2 s-1 and for D|| =0, curves b and a 
respectively.)
The init ial  sudden drop in NT=Q/n0 becomes more significant as 
the diffusion coefficient increases resulting in increased loss by back 
diffusion. The linear decay regions have slope - v^r and decrease in 
duration as the diffusion coefficient increases. This linear decay 
commences when the tail  of the trai l ing edge of the number density 
distribution has moved away from the cathode and ends when the front 
of the trai l ing edge meets the onset of the diminishing number density 
near the anode (e.g. at point B in Figure 4.1).
As discussed in section 4.1, during the linear decay region the 
ectrons 
the gap) is - dSD,
flux of el to the anode ( i .e.  the rate of loss of electrons from
FN irj
= dSv, n0. Changing the diffusion coefficient
z= 3 n slope of the curve as the product Dj|does not change the
8z
remains constant. z=h
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Time (ys)
Fig. 4.5: The normalized total number of electrons in the gap as a
function of time after instantaneous irradiation for 
v(jr = 4.74 x 105 cm s”* and a) D|, = 0, 7.5 x 102 , 
b) Dy = 7.5 x 104 cm2 s~^ .
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Time (ys)
Fig. 4.6: The normalized total number of electrons in the gap after
instantaneous irradiation for v^r = 4.74 x 105 cm s " 1 , 
a) Dy = 0 and b) Dy = 1.5 x 105 cm2 s " 1.
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The curve for data set ( i i)  (Figure 4.7) is linear from about 
0.5 to 8.5 ysec indicating that, under these conditions, back diffusion 
ceases in about 0.5 ysec. Similarly, the curve N _Q/n0 for data ( i i i )  
shows a long, dominating linear decay region (Figure 4.8).
4.3 Result of the Third Integration: Number of Electrons in the
Gas for Finite Irradiation Time
The third and final integration (over release times t 0) gives the 
time dependence of the total number of electrons in the gap for irradiation 
of f in ite  duration t . The result is directly related by equation (2.3.1) 
to the transient waveform observed in the PRDT experiment.
The general features of the curve N ( t ) ,  the result of the final 
integration over the irradiation time x, are shown schematically in 
Figure 4.9. Two cases are illustrated: one with and one without diffusion.
The experimentally observed transient waveform takes the same form as the 
curve for N . The dashed lines are the linear regions of the decay 
curves extrapolated to the time axis to give intercepts ti and t 2 for 
the cases Djj =0 and Djj ^0 respectively.
The curve for N (t) is modified by the presence of diffusion 
(D|| t*0) for two reasons: more electrons are lost in the interval 0
to T as there is now a reduction in N (t) due to back diffusion to the
T
cathode and additional loss to the anode. Both of these additional 
losses continue for a short time after time x. Consequently, the peak 
value of N is lower than in the diffusion-free case, and only at some 
time t> x  does the curve become linear and parallel to the curve D|| =0.
Even when diffusion loss to the cathode ceases, the trail ing edge of 
the swarm continues to broaden by diffusion and hence some electrons 
are resident in the gap for a longer period of time than in the 
diffusion-free case. As a consequence of the enhanced init ial  loss 
the transient breaks away earlier  from its  linear form, while the 
spreading of the trail ing edge of the drifting swarm results in an 
extension of the tail at longer times.
The results for h=6 cm, D||/v(jr = 0.16 (curve b) and 0.0016 cm - 
(curve a) and x=0.5 ysec are shown in Figure 4.10. The transient 
waveform for Dy/ v ^  = 0.0016 cm falls on that calculated for the case
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Time (ys)
Fig. 4.7: The normalized to ta l number of electrons in the gap a fte r
4 -1instantaneous i r ra d ia t io n  fo r  v^r  = 3.24 x 10 cm s , 
a) D|j = 0 and b) Dy = 44.98 cm2 s-1 .
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Time (ys)
Fig. 4.8: The normalized total number of electrons in the gap after
instantaneous irradiation for h = 1.0 cm, = 1 x 10^
-1 2 - 1  cm s and Dm = 160 cm s
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D„  f  0
Time
Fig. 4.9: Schematic o f the to ta l number of electrons in the gap fo llowing
ir ra d ia t io n  o f f i n i t e  duration.
225
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Fig. 4.10: Normalized to ta l number of electrons in a 6 cm gap fo r
vdr = 4.74 x 10^ cm s” '*' a f te r  an i r ra d ia t io n  time x o f 
0.5 ys fo r  D .j/v^  equal to a) 0.0016 cm and b) 0.16 cm.
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The data set of Wada and Freeman (1979) was used with t =75,
100 and 120 nsec (110 nsec was used in the experiment) and the results 
are shown in Figure 4.11a), b) and c). These curves a l l  show the 
expected general features, with the l inea r  decay region dominating, 
the slope of  th is  region is - vd . The curve N^/n0 for  D||/v^r = 0.016 cm 
and t = 2.5 ysec is  shown in Figure 4.12; the no-di f fusion curve is 
p lotted fo r  comparison.
4.4 The Analysis of  the Waveforms and the Estimation of  Errors
Since the slope o f  the l inea r  region o f  the waveform is  d i re c t ly  
proport ional to the d r i f t  ve loc i ty ,  in p r inc ip le  the d r i f t  ve loc ity  could 
be determined from th is  slope. However, the constant o f  p ropor t iona l i ty  
involves the i n i t i a l  number density o f  electrons, n0, which is unknown, 
and hence vd cannot be determined d i re c t ly  in th is  way.
In the absence o f  d i f fus ion ,  electron mobi l i t ies  may be in fe rred 
from the t rans ient waveforms recorded in PRDT experiments using a method 
based on the analy t ic  expressions (2.3.8) describing the waveforms.
These expressions fo r  the to ta l  number of electrons in the gap were 
used by Wada and Freeman (1979) in the form (where c is a constant^
c t ( l  - t / 2 t d) ; t  < t (4.4.1a)
c x ( td + | x  - t ) / t d ; x < t < t d (4.4.1b)
c ( t d + t - t ) 2/ 2 t d ; t d < t < t d +T ’ (4.4.1c)
The l inea r  decay section o f  the waveform fo r  the Dy =0 case (see 
Figure 4.9) may be extrapolated to the time axis to obtain a time 
t i . The time t i  is  related to the time t d that the peak o f  an electron 
swarm d r i f t i n g  in free space would take to travel a distance h by
t d = t l - , (4.4.2)
and the mobi l i ty  y is then given by
y = vdr/E = h2/V t j  (4.4.3)
where V is the potential  di f ference between the electrodes (Wada and 
Freeman, 1979) .
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Time (ys)
Fig. 4.11 a): Transient waveform fo r  = 3.24 x 10^ cm s~*,
h = 0.32 cm, D|j = 45 cm^  s-  ^ and x = 75 ns. The 
no-d i f fus ion case is also shown.
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Time (us)
Fig. 4.11b):  = 3.24 x 10^ cm s~*, D|j = 45 cm2 s- 1 , h = 0.32,
t = 100 ns.
2 -1Fig. 4.11 c ) : v 3.24 x 10 cm s
h = 0.32, t = 120 ns.
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Fig. 4.12: Transient  waveform fo r  = 104 cm s- 1 ,
Djj = 160 cm2 s 1, h = 1.0 cm and x = 2.5 ys.
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When analysing th e i r  transient waveforms Wada and Freeman 
obtained a time t i 'w h ich  they used in equations (4.4.2) and (4 .4 .3) .
They accounted fo r  the e f fec t  o f  d i f fus ion  (under conditions where 
the electrons are in thermal equi1ibriurn with the gas) by assuming 
the e f fec t ive  length o f  the d r i f t  tube to be
h{l + (2kT/eVp } (4.4.4)
where T is the gas temperature and k is Boltzmann's constant. The 
term h(2kT/eVp = (2D()t d)^ is the r.m.s. displacement < z2 ) ' z o f  thermal 
electrons a f te r  a time t^  i f  they are released at a plane and d if fuse 
in one dimension, the d i f fus ion  c o e f f ic ie n t  being given by the Nernst- 
Townsend re la t ion .  In deriving th is  re la t ion ,  these authors assumed 
that  the e f fec t  o f  d i f fus ion  on the electrons in the t r a i l i n g  edge o f  
the swarm as i t  moves across the gap can be accounted fo r  by increasing 
the d r i f t  distance by <z2 > .^ When the expression fo r  the d r i f t  distance 
is modified in th is  way equation (4.4.3) becomes
y = h2 {1 + (2kT/eV)*ä} / V td . (4.4.5)
In the present study calcu lat ions were made fo r  the conditions 
in Table 4.1. For the calcu lat ions based on the experimental resul ts  
of Wada and Freeman (1979, 1981) the values of  the d i f fus ion  coe f f ic ien ts  
were calculated using the Nernst-Townsend re la t ion and the d r i f t  ve loc i ty  
used was the i r  "corrected" d r i f t  ve loc i ty .  Table 4.2 shows the d i f fus ion  
corrections predicted by the present analysis and the d i f fus ion correct ions 
predicted by the method of Wada and Freeman using equation (4 .4 .5 ) .
A transient waveform was predicted using the chosen values of  
v ^ ,  Djj , h and t in the computer program. The calculated points fo r  
the l inear  region of  the waveform were then used to calculate the intersection 
t i  of the extrapolat ion of  th is  l inear  region to the time axis.
This value of t i  was then compared wi th the value of t^  given by
t d = h/vdr . (4.4.6)
The re la t ive  dif ferences between the values of t i  and t^ are given here 
as the true d i f fus ion  correct ion.
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As can be seen from the table, the diffusion corrections are 
smallest for the larger d r i f t  distances and lowest temperature. The 
error due to diffusion is not sensitive to the irradiation time t and 
in fact an accurate estimate of the error due to diffusion can be 
obtained using t = 0 in the calculations. The major source of error is 
not caused by diffusion in the tail of the electron distribution as i t  
crosses the gap but is introduced as a result of back diffusion to the 
cathode at early times, and the init ial rapid loss of electrons to the 
anode which occurs before a stable number density profile is established 
at the anode. Such losses are significant only for a very short time 
after the completion of the irradiating pulse. The data in the last 
column of the table show that a good estimate of the correction factor 
is 2kT/eV-, that is , the factor is approximately 2(D/y)/V.
A case of special interest,  because of the large error due to 
diffusion that can be expected, is that for =1 xlO4 cm s“1,
Dy = 160 cm2 s -1 and h = 0.32 cm. The error predicted in the present 
analysis is 11% and that by the factor (2Dt^)^ is 32%.
The computer generated waveform was studied and the tangent of 
the waveform was determined at a number of times and hence a time axis 
intercept t^' was determined for each of these tangents.
In Figure 4.13, the value of t^ is divided by these times t ^ 1 
and plotted as a function of the time at which the tangent of the 
waveform was calculated. From this figure i t  can be seen that the 
linear part of the waveform lasts for less than 3 ysec (the value 
of t^ is 32 ysec). Hence i t  is very diff icult  to identify the linear 
region of an experimental transient waveform and the errors involved 
with an extrapolation of the linear region to the time axis are large.
y
The correction factor (2kT/eV) 2 severely overestimates the 
diffusion error. Furthermore, the correction applied by Wada and 
Freeman in crea ses  the value of the dr if t  velocity determined directly 
from an extrapolation of the transient waveforms. The present analysis 
shows that the true dr if t  velocity is in fact less than the dr if t  
velocity that would be inferred from the waveforms if  no account were 
taken of diffusion.
233
?M%)
Linear
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Fig. 4.13: The intercept with the time axis of the
tangent to the waveform for v^r = 104 cm s 1, 
Dj| = 160 cm2 s -1 and h = 0.32 cm.
4.5 Proposed Method of Analysis
The present work indicates that an iterative technique should be 
used to determine the d r if t  velocity from the transient waveform. 
Extending the linear decay section of the waveform to the time axis 
gives an intercept t 2 which can be used to calculate an init ia l  value 
for the d r if t  velocity. Using this f i r s t  estimate of v  ^ and the 
corresponding value of Dy calculated from the Nernst-Townsend relation, 
we can predict the transient waveform with the procedure described in 
Chapters 2 and 3. This transient may then be analysed in the same 
manner as the experimental waveform to obtain a time intercept t 21.
The difference between the times t 2 and t 2' indicates the error in 
the f irs t .order estimate of the dr if t  velocity. The value of the drift  
velocity is decreased accordingly and the simulation procedure repeated. 
If  necessary, these steps can be repeated until a converged value for 
the drif t  velocity is obtained. The theoretical waveform obtained using 
this converged drif t  velocity should, of course, give a value for the 
time axis intercept which equals the experimental result.
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CHAPTER 5: DISCUSSION AND CONCLUSION
5.1 Discussion
The d e t a i l e d  a na l ys i s  presented in  the previous chapters  enables 
the fol lowing point s  to be made:
( i )  I f  loss  of  e l ec t rons  by d i f f us i on  to the e l ec t rodes  
could be neg lec t ed ,  ex t r apo l a t ion  of  the l i n e a r  
s ec t i on  of  the t r a n s i e n t  waveform to the time axi s  
would lead to a value of  t  which could be used d i r e c t l y  
in equat ion ( 4 .4 .3 )  to give the mobi l i t y ,  t h a t
i s ,  no f u r t h e r  c o r r e c t ion  to the value of  the mobi l i t y  
would be r equ i r ed .  Dif fusion in the t r a i l i n g  edge of  
the swarm as i t  crosses  the gap extends the t a i l  o f  
the t r a n s i e n t  waveform but  does not  in t roduce  any 
e r r o r  in to  the  mobi l i t y  c a l cu l a t ed  in t h i s  way.
( i i )  When analys ing t h e i r  experimental  da t a ,  Wada and Freeman 
(1981) ignored the  e f f e c t s  o f  the e l ec t rodes  but  
never the l e s s  made a co r r ec t ion  for  the presence of  
d i f f u s i o n .  A c or r ec t ion  f a c t o r  was appl i ed  which 
increased the d r i f t  ve loc i ty  determined from an 
e x t r a po la t i o n  of  the l i n e a r  s ec t i on  of the t r a n s i e n t  
waveforms, i . e .  t hese  authors  used a p o s i t iv e  c o r r e c t i o n  
term where,  on th i s  a ssum ption , no c o rre c tio n  i s  n e ce ssa ry .
( i i i )  To analyse  the  t r a n s i e n t  waveforms c o r r e c t l y  the e f f e c t  
of  the  boundary condi t ion  n = 0  a t  the e l ec t rodes  must 
be cons idered.  The t r u e  e l ec t ron  mobi l i t y  i s  smal l e r  
than t h a t  determined from the t r a n s i e n t  waveform by an 
ex t r a po l a t i on  technique because o f  the loss  of  e l ec t r ons  
by backdi f fus ion  to the cathode and by the i n i t i a l  ex t r a  
loss  to the anode.  Note t h a t  the f u r t h e r  modi f i ca t i on  
to the t r a i l i n g  edge of  the swarm by d i f f u s io n  ( i . e .
the so le  e f f e c t  considered by Wada and Freeman) has no 
inf luence  on the value of  t ^  determined from the 
experimental  waveform. Fur thermore,  as a r e s u l t  o f  the 
apparent  d r i f t  v e l oc i ty  being l a r g e r  than the t r ue  d r i f t  
v e l o c i t y ,  the c o r r e c t ion  term i s  n eg a tive .
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5.2 Cond usion
In the present work the effect of diffusion on the transient 
waveforms observed in Pulsed Radiolysis D r ift Tube experiments has 
been studied. I t  has been shown that loss of electrons by diffusion 
to the electrodes is the most important factor to be accounted for in 
analysing the transient waveforms. Although diffusion of electrons in 
the tra ilin g  edge of the swarm once clear of the cathode modifies the 
long-time ta il of the transient waveform this effect has no influence 
on the determination of the tran s it time from the experimental records 
by an extrapolation technique.
The analysis presented here is based on the assumption that the 
electron density is zero at the cathode and anode boundaries and that 
the commonly used firs t-o rd e r equation of continuity for the electron 
number density can be applied. This simple approach involves a number 
of approximations, the most s ign ifican t being the use of spa tia lly  
uniform transport coefficients throughout the whole d r i f t  space.
Ho viewer, s im ilar analyses have proved remarkably successful in 
predicting the correction factors that must be applied to allow for 
diffusion when calculating d r i f t  velocities from the tran s it times 
measured in other types of d r i f t  tube experiments. I t  therefore seems 
unlikely that a more detailed analysis based on a more exact treatment 
of the role of the boundaries (Braglia and Lowke, 1979) would a ffect the 
conclusions of this work.
This analysis has been used to examine some of the recent low 
pressure thermal mobility data of Wada and Freeman (1979, 1981). I t  
was found that the corrections fo r diffusion are so large in some 
instances that the va lid ity  of any firs t-o rde r theory used to calculate 
them is questionable. Nevertheless, the analysis developed here shows ; 
that the diffusion corrections applied by Wada and Freeman are incorrect 
in both magnitude and sign.
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